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PREFACE 


The  topic  of  this  Agardograph  has  already  been  the  subject  of  three  symposia  of  the 
Guidance  and  Control  Panel,  two  meetings  in  1968  and  the  third  meeting  in  1972.  To 
update  their  activities,  the  Guidance  and  Control  Panel  decided  to  cover  the  state  of  the  art 
in  an  AGARDograph. 

The  period  between  1972  and  today  can  be  characterized  by  three  major  developments: 
the  dry  tuned  gyro,  the  laser  gyro  and  the  strapdown  technology.  And  for  all  developments 
two  important  goals  had  to  be  considered,  to  reduce  the  costs  and  at  the  same  time  to  increase 
the  reliability.  The  papers  of  this  AGARDograph  are  reports  on  recent  developments  and 
thus  contribute  to  show  the  state  of  the  art. 

I  have  to  express  my  sincere  thanks  to  all  the  authors  as  well  as  to  the  people  of  AGARD- 
Headquarters  in  Paris. 


HELMUT  W.SORG 
Editor 
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Tuned  Gyro  Coat  Reduction  Through 
a  Novel  Hinge  Design 
by 
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Hartmut  Kamick 
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Postfach  6040  2300  Kiel  14 
Germany 

Summary 

A  fundamental  study  on  cost  reduction  of  dynamically  tuned  gyros  funded  by  the  German 
Ministry  for  Research  and  Technology  yielded  a  novel  type  of  gyro  suspension  which  is, 
besides  advantages  in  gyro  design  and  operation,  suited  to  generate  remarkable  direct 
and  indirect  cost  reductions.  The  paper  surveys  the  relations  between  the  characteris¬ 
tics  of  a  dtg  suspension  and  the  gyro  production  effort.  The  novel  hinge  is  described, 
the  direct  cost  advantages  due  to  its  design  principle  and  technology  are  discussed- 
Indirect  cost-saving  consequences  of  using  the  novel  hinge  or  such  one  of  comparable 
goodness  and  the  limits  of  their  utilization  are  considered  with  respect  to  a  homolo¬ 
gous  series  of  strapdown  gyroscopes. 

The.  research  work  dealt  with  in  this  paper  has  been  sponsored  by  the  German  Minister  for 
Research  and  Technology  under  contract  no.  13  N  1015.  The  contents,  however,  under ly  the 
solo  responsibility  of  the  authors. 

Symbols 


a  acceleration,  esp.  by  shock 

i»r  radial  - 

A)  rotor  moments  of  inertia  about 

0  axes  at  right  angles  to  spin 

C  rotor  moment  of  inertia  about 

spin  axis 

applying  to  glrsbal 

d  angular  spring  rate  of  suspension 

axial  .reparation  of  glmhal 
mass  centre  from  suspension 
centre 

E*  modulus  of  elasticity 

r  suspension  load 

f«  torquer  Q- factor 

f.-  suspension  Q-factor 

fR  rotor  Q-factor 

rotor-suspension  Q-factor 

f  Craig's  figure  of  aer*t 

Si  angular  momentum  of  spinning  rotor 

J  »  1/2  IAjj  •  0R  -  CR) 

k  rotor  inertia  factor 

c 

k  rotor  3uii  factor 

m 

axial  bearing  distance 
Subscript  *0”:  Nominal  design  values 


a  rotor  mass 

aR  gimbal  mass 

N  spin  speed 

PR  torqulng  power 

ii  rotor  radius 

axial  separation  of  suspension 
axes  fro*  each  other 

radial  oscillating  amplitude 
T  temperature 

Sj.  detuning  sensitivity 

s^j.  2-N  angular  sensitivity 

2-K  radial  sensitivity 
drift  due  to  detuning 
—  -  2-J!  angular  oscillation 
u  — —  2-N  radial  - 

«B  X 

•Up  torqulng  rate 

nutation  frequency 
a  admissible  stress  in  spring 

5  rotor  offset  with  ; aspect  to  case 

9  shaft  or  case  angle  with  respect 

to  the  Inertial  frame  about  an 
axis  perpendicular  to  spin 


Subscript  "b* :  values  of  bias  state 


1 .  Introduction 

The  elastic  suspension  p^ays  a  key  role  in  a  dynamically  tuned  gyro,  not  only  for  its 
operation  and  performance  but  not  leas  for  its  total  productional  effort.  Keeping  this 
in  mind,  a  well-aimed  suspension  development  became  one  central  objective  of  a  funda¬ 
mental  study  on  cost  reduction  of  dtg's  for  commercial  use  funded  by  the  German 
Ministry  for  Research  and  Development  in  1974  to  1979.  It  resulted  in  a  unique  novel 
hinge  design  described  in  the  second  section. 

To  better  understand  the  aspects  of  the  development,  some  discussion  might  be  useful 
on  the  major  relations  between  the  characteristics  of  a  dtg  suspension  and  the  effort 
to  produce  a  gyro  using  that  suspension.  They  are  schematically  shown  In  the  diagram 
fig.  1.  The  interrelations  of  tae  geometric  design  and  the  applied  technology  and 
their  direct  effect  on  the  effort  needed  for  machining  and  assembling  the  suspension 
are  evident.  The  tasks  of  tuning  and  gimbal  balancing  are  conventionally  ascribed  to 
the  common  gyro  test  and  calibration  procedure;  in  a  more  detailed  sense,  however, 
they  can  be  considered  to  be  a  matter  of  the  suspension  -  as  particularly  will  appear 
in  the  later  discussion.  These  items  including  the  necessary  tests  can  occupy  a  con¬ 
siderable  share  of  the  suspension  production  effort;  the  best  means  to  reduce  their 
effort  is  to  omit  or  to  significantly  simplifiy  them.  This  is  favoured  by  good  inherent 
machining  quality  of  the  chosen  technology  and  good  performance  characteristics  of  the 
suspension  type. 

The  effect  of  the  suspension's  performance  capability  on  the  gyro  production  effort 
needed  to  meet  given  specifications,  may  equal  or  exceed  that  one  o„  the  direct  manu¬ 
facturing  and  integration  effort  of  the  suspension.  Fig.  2  shows  the  primary  mecha¬ 
nisms.  Keeping  all  sensitivities  low  -  detuning,  2-N  angular,  anlsoelasticlty ,  2-N 
radial  -  facilitates  the  quality  requirements  noted  on  the  bottom  of  the  diagram  and 
thereby  cheapens  a  gyro.  Low  sensitivities  result  from  high  values  of  the  character¬ 
istic  magnitudes  in  the  second  line  of  the  diagram:  load  capability,  rotatory  com¬ 
pliance,  translatory  stiffness,  and  the  typical  hinge  features  mentioned  (although 
these  are  no  performance  characteristics  in  a  severe  sense). 

An  exception  has  to  be  made  regarding  tho  relation  of  load  capability  and  aniso- 
elasticity  sensitivity.  While  utilizing  high  load  capability  by  using  large  rotor 
mass  decreases  all  other  sensitivities  due  to  the  increase  of  the  angular  momentum, 
this  measure  generally  tends  to  slightly  increase  the  sensitivity  with  respect  to 
a  isoelasticity  which  is  proportional  to  the  square  of  the  rotor  mass.  Linear  growth 
of  a  rotor  increases  the  angular  momentum  according  to  the  fifth,  the  square  of  the 
rotor  mass  according  to  the  sixth  power.  Other  important  limiting  factors  for  choos¬ 
ing  the  rotor  mass  are  the  required  torqulng  power  -  which  is  proportional  to  the 
square  of  the  angular  momentum  -  and  resonance  frequency  considerations. 

The  manifold  relations  between  the  characteristics  of  a  gyro  susp-*r.  ioa  and  the  total 
manufacturing  cost  of  the  gyro  shortly  discussed  above  formed  a  guideline  for  the 
development  of  the  novel  hinge  which  will  be  described  now. 
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Fig.  2  Relation  network  between  suspension  performance  and  needed  quality  of  gyro 

parts/cal lbrations/operation  parameters.  {The  dotted  lines  affiliate  indirectly 
performance-effective  parameters) 

2.  The  Novel  Hinge  and  its  Technology 
Principle 

The  conventional  cross-f lexure-hinge  is  using  separated  flexure  leaves. 

The  nove'  hinge  design  is  leaving  this  principle  by  connecting  the  flexure  leaves  to 
each  other  at  the  deflection  axis,  thus  creating  new  and  unexpected  properties  most 
of  which  contribute  to  gyro  quality.  Clearer  than  explanations  the  figures  3  and  *1 
show  the  new  hinge  -  named  UKF*  -  in  principle  and  as  deflected. 


i 


I 

I 
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Fig.  3  OKF  «  unseparated  cross  flexure  Fig.  4  Deflected  OFF,  the  axis  remains 

hinge  stationary  despite  deflection 
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In  a  single -global ,  dry  tuned  gyro  Cdtg)  two  of  these  hinges  fora  one  suspension  axis. 
The  co opiate  2 -ax is  dtg  suspension  thus  consists  of  four  hinges. 

It  is  obvious  .hat  this  UKF-hinge  has  a  sooewhat  higher  deflection  stiffness  than  a 
conventional  cross  flexure  hinge  of  the  sane  flexure  dissensions ,  but  can  also  acco- 
aodate  loose  than  double  the  buckling  force.  Hence  its  opini2«tion  lavs  differ  signi¬ 
ficantly  fro*  these  of  a  conventional  cross  flexure  hinge. 


Important  differences 
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Important  differences  between  the  UKF  and  the  conventional  cross  flexure  hinge  in  a 
dtg  suspension  are: 

-  The  OKF  leaves  -  due  to  their  mutually  traversing  arrangement  -  occupy  less  than 
half  the  radial  apace  of  the  flexures  of  a  conventional  hinge,  resulting  in  an 
unequalled  small  suspension  diameter. 

-  The  tolerable  (no  load)  deflection  angle  of  the  UKF  is  approximately  half  the  value 
of  the  conventional  hinge. 

-  The  linear  compliances  equal  those  of  a  conventional  hinge  as  the  translational 
deformation  of  the  flexures  is  not  significantly  affected  by  their  central  con¬ 
nection. 

-  The  budding  strength  is  doubled  in  comparison  to  a  conventional  cross  flexure 
hinge  due  to  the  central  connection  and  further  increased  due  to  a  considerable 
decrease  of  sensitivity  to  flexure  shape  tolerances. 

-  The  definition  of  the  anqular  deflection  axis  is  significantly  more  precise  than 
in  a  conventional  cross  flexure  hinge.  The  axis  location  is  unaffected  by  deflec¬ 
tion. 

-  Load-dependent (twist) torques  of  a  UKF  are  extremely  low  on  account  of  its  well- 
defined  axis  position. 

-  Load-dependent  torques  due  to  elastic  deformation  of  the  solid  suspension  portions 
are  significantly  lower  with  a  UKF  due  to  its  compactness  and  symmetry. 

-  The  compact  UKF  design  renders  smaller  gimbal  inertias  than  the  conventional  design, 
thus  (blowing  higher  tuning  speed  at  equal  angular  spring  rates  and  reducing  gimbal 
balancing  requirements. 

-  The  principal  geometry  and  compactness  of  the  UKF  design  allow  the  manufacturing  of 
monolithic  suspensions  by  wire  erosion  with  a  minimum  of  steps  and  time  and  a  maxi¬ 
mum  of  accuracy. 

-  I  line  machining  of  all  flexure  surfaces  of  one  axis  in  ona  workpiece  setting  mini¬ 
mises  unwanted  increase  in  deflection  stiffness  from  misalignment  of  the  two  hinges 
of  one  axis  and  from  misalignment  of  the  two  flexure  leaves  of  one  hinge. 

Commons  with  other  cross  flexure  hinges 

Besides  the  mentioned  differences  there  are  some  features  which  are  not  -or  only 
slightly  -  different  with  the  UKF  and  the  conventional  cross  flexure  hinge: 

-  Linear  compliances  can  be  calculated  by  the  ssuwe  equations. 

-  Isoelasticity  can  be  achieved  by  using  flexure  crossing  angles  greater  than  90 
degrees. 

An  optimal  UKF  design  makes  use  of  so »e  features  which  are  found  also  in  other  hinges 
of  highest  quality: 

-  Flexures  are  profiled  preferably  with  a  slender  circular  curved  contour,  giving  a 
marked  Increase  in  the  ratio  of  load  to  angular  spring  rate. 

-  The  complete  dtg  suspension  is  monolithic  in  order  to  avoid  Internal  Stress,  to  avoid 
load  stress  accumulations  in  the  flexure  end  sections,  and  U  obtain  the  best  pos¬ 
sible  quality  of  geoeetry. 

Technology 

A  specially  adapted  wire  erosion  technique  proved  to  be  best  suited  for  manufacturing 
the  UKF  hinges  and  suspensions  under  the  aspects  of  accuracy,  economy  and  flexibility. 
(Comal  S2JM  will  do  also,  but  owns  characteristic  problems  in  making  the  electrodes  and 
aligning  the  hinges  to  each  other. 

The  UKF  layout  suited  for  single-gimbai  $>TC*  to  be  cut  on  a  wire  EOM  machine  is  shown 
in  F.ig,  5.  All  cuts  for  one  axis  are  made  in  one  position  without  any  need  of  re-posi¬ 
tioning,  adjusting,  and  handling,  the  two  hinges  of  one  axis  being  cut  simultaneously. 
After  costpletion  of  the  axis  the  workpiece  is  turned  by  90  degrees  and  all  cuts  of  the 
other  axis  are  made.  Ths  benefits  are  evident:  sinultaneoua  cutting  renders  the  best 
possible  flexure  Orientation  and  mlr.iRsia  machining  time.  The  eoo$>*ct  design  with  a 
gslnlKus  of  surfaces  to  be  machined  and  the  economical  utilization  of  all  eroded  sur¬ 
faces  for  suspension  functions  exhibit  an  optima  solution  with  respect  to  needed 
volume  and  production  cost. 

These  positive  aspects  are  not  limited  to  slr.gle-gimba!  tiTUs,  since  by  assembling  pre¬ 
fabricated  parts  in  a  stage  before  cutting  the  flexures  a  pseudo-monolithic  structure 
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can  bo  achieved  and  the  principal  advantages  in  axis  definition  can  be  maintained.  In  a 
thorough  experimental  research  the  limits  of  this  technique  have  been  investigated 
and  machining  has  been  developed  to  a  safe  reproducible  standard  beyond  the  capability 
of  any  machine  on  the  market.  A  pilot  production  of  more  than  40  suspensions  yielded 

completely  satisfying  resultB  considering 
|  machining  time  and  quality.  The  achieved 

I  tolerances,  better  than  necessary,  qualify 

I  these  suspensions  for  use  in  inertial  grade 

1  gyros . 


3.  Direct  Cost  Benefits  of  the  Novel  Hinge 

Most  of  the  earlier  stated  differences 
between  the  UKP  hinge  and  conventional 
designs  have  a  more  or  less  significant 
Influence  on  the  production  cost  of  a 
gyro. 

The  direct  cost  savings  through  the  use 
of  the  UKF  hinge,  1.  e.  that  ones  related 
to  production  and  integration  of  the  sus¬ 
pension  according  to  fig.  1,  can  be  sum¬ 
marized  as  follows: 

-  mini*.! nation  of  needed  material  volume  - 
less  tear,  half  of  a  conventional  sus¬ 
pension  -  results  in  less  material  and 
processing  cost 


Fig.  5 

UKF- Suspension  for  single  gimbal  DTG 


-  minimization  of  machined  surfaces  and 
re-setting  steps,  simultaneous  cutting 
of  the  hirqes  of  one  complete  axis,  and 
abandoning  leaf-separating  operations 
render  significantly  less  machining  cost 


-  inherent  axis  position  accuracy  of  the  technology  and  smallness  of  the  gimbal  mass 
abolish  the  effort  of  global  balancing  in  nearly  all  cases 

-  decreased  sensitivity  of  buckling  strength  to  flexure  shape  and  dimension  allow* 
greater  flexure  tolerances,  resulting  in  higher  cutting  speed  and  less  measuring 
effort. 


4.  Indirect  Cost  Savings  by  Using  the  Novel  Silent  in  a  Gyro  Design 

Some  possibilities  of  indirect  cost  reduction  by  using  the  optimized  traverslng-leaf 
(UKF)  suspension  may  now  be  discussed,  referring  to  the  three  predominant  suspension- 
dependent  sensitivity  t,pe3  of  fig.  2.  They  can  for  this  objective  and  for  a  single- 
global  gyro  be  described  by  these  slat,  llfled  equations: 
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Herein  the  suspension  characteristics  appear  at  d  / H  -  the  ratio  of  rotatory  stiff¬ 
ness  and  engular  SEOsentua,  which  latter  is  relateo  to  the  suspension's  load  capabili¬ 
ty  as  the  axial  separation  s?  of  both  global  axes,  and  the  giabal  pendulosity  *y«s_* 

Determining  their  effect  in  quantity  requires  to  quantify  their  sagnitudes  for  real 
gyros  of  varying  sire  and  related  perforaa-nce »  1.  e.  the  use  of  suited  dimensioning 
_nd  growth  laws  of  tuned  g /ro* .  The  needed  relations  and  magnitudes  will  be  susxarlsed 
In  t!»  following  section. 
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Design  magnitudes  of  dynamically  tuned  gyros 


Rotor 


Fig.  6 

Rotor-Suspension-Sets  for  Strapdovn  Use 
a:  4-Magnet  Torquer,  b:  2-Magnet  Torquer 


The  aiain  performance  characteristics  of  a  homologous  series  can  be  expressed  by  almost 
fully  size- independent  coefficients  and  quality  factors  which  are  determined  by  ratios 
of  dimensions  and  by  material  parameters.  The  coefficients  vary  by  less  than  2  t  over 
the  considered  range  of  rotor  radii  of  12  to  23  twaj  just  the  suspension  Q-factor,  how¬ 
ever,  may  significantly  decrease  from  its  thus  calculated  value  at  radii  falling  under 
16  mm  due  to  technological  thickness  limits  of  the  suspension  leaves.  Such  decrease  is 
recognized  in  the  later  calculations  and  diagrams. 

The  design  coefficients  of  the  chosen  exemplary  gyro  configuration  are  listed  in  table  1 . 

The  rotor-suspension  Q-factor  f^  might  deserve  some  interest  in  comparison  with  Craig's 
figure  of  merit 


f 


m 


M*  C 

T  3 


(4) 


as  another  widely  used  performance  parameter.  Both  coefficients  in  a  particular  manner 
represent  the  ratio  C/d  which  determines  the  detuning  and  2-tt  angular  sensitivity 
according  to  equations  (!)  and  (2). 


f..„  is  independent  on  sire  and  spin  speed,  but  recognlzss  the  admissible  shock  acce¬ 
leration,  and  therefore  is  a  universal  and  very  suitable  measure  for  the  performance 
capability  of  a  mechanical  rotcr-torquer-suspension  design.  To  describe  the  detuning 
and  2-fi  angular  sensitivities  of  a  specific  gyro  requires  additional  data  on  spin 
speed,  rotor  sire,  and  admissible  shock  acceleration. 


f  is  a  measure  for  the  detuning  and  2-K  angular  sensitivities  of  a  specific  gyro  if 
accompanied  by  Information  on  the  spin  ejeed.  To  compare  the  efficiency  of  different 
gyro  designs  requires  additional  data  on  rotor  Sice  and  admissible  chock  acceleration. 


Table  5 

Design  coefficients  of  optimized  dtg’s  with  4-tfcaqne'..  .•fm.Co  torquer. 
nutation  frequency  u  *  1.77  ».  and  traversing- lea#  suspension  for 
rotor  radii  between  T2  and  21  «»  resp.  16  and  21  sot  II). 
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Using  the  design  coefficients  of  table  *  for  the  following  discussion  requires  to 
determine  some  further  exemplary  data  which  are  chosen  asi 

spin  speed  N  “  2ir  •  100  s  ' 

shock  acceleration  (>  3  ms)  a  =  1000  m/s’ 

It  should  be  noted  that  table  1  is  valid  for  a  relative  nutation  frequency  of  1.77 
this  magnitude,  however,  being  of  moderate  influence. 

For  s»/ros  thus  specified  characteristic  data  can  be  plotted  versus  the  rotor  radius 
as  shown  in  fig.  7: 

-  the  angular  momentum  H, 

-  the  specific  torquing  power  P„/ui*  which  in  the 
gyro  design  has  determining  influence  on  the  choice 
of  the  rotor  radius, 

-  the  characteristic  ratio  of  angular  momentum  to  spring 
rate  ft/d  which  determines  the  detuning  and  2-tl  angular 
sensitivity. 

For  reference  purposes  a  plot  of  Craig’s  f  is  added  although  incorpora in  the  H/d 
value.  Two  examples  may  be  noted  as  typical  data  sets: 

1 .  A  22  mm  radius  gyro  needs  a  specific  torquing  power 
of  3  W/OOO’/s)1  and  yields  H/d  —  2s  and  f  m  —  600. 

2.  A  15  nm  radius  gyro  needs  a  specific  torquing  power 

of  .44  W/  { 1 00*/s) 1  and  yields  H/d—  1.5  a  and  f  B  —>  450. 

The  data  plotted  in  fig.  7  represent  the  model  gyro  series  for  the  following  discus¬ 
sions  on  the  effort  aspects  of  the  equations  (1)  to  (3). 
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Fig.  7 

Performance  hats  of  Sotor-SuspensScn-Fets  for 

Strapdcwn  l?*e  According  to  Fig.  6a. - indicates 

theoretical  data  neglecting  technological  thickness 
limitations  of  monolithic  springs. 


PetuMr.g  grift 


For  the  following  i. 
at  a  function  of  the 
value*  which  satisfy 


is  useful  to  express  the  detuning  drift  appearing  in  equation 
differences  of  the  input  magnitudes  fro®  their  sosiwl  design 
the  tuning  condition. 


HI 


Generally  the  spring  rate  resulting  fra®  detuning 

■i  -  S'JJ  -  i 


(5) 
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produces  the  drift  rate 


“t  =  dti 


(  6) 


Introducing  J  =  J  +  AJ,  N  =  N  +  AN  and  d  =  d  +  id  with  J  ,  N  ,  d  as  the  nominal 
design  values  andusing  the  tuning  condition 


d  =  J  N  J 
o  o  o 


renders  the  resulting  spring  rate  as 

d. 


,  ,,  AN  .  AJ  .  Ad. 

do  1 2  iT  +  j"  +  d"> 
O  O  0 


(  7) 


(  8) 


The  effect  of  detuning  requires  attention  in  double  respects 


The  bias 


“tb  =  dtb  H. 


(  9) 


where  the  subscript  b  marks  the  magnitudes  effective  in  the  bias  state,  and  its 
instability 
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Introducing  the  differences  of  actual  from  nominal  values  in  the  bias  state,  A.N  °  N.  - 
N  ,  A,  J  =  jfa  -  J_,  A,  d  =  d.  -  d  ,  and  the  time-dependent  variations  with  respect  to 
tRe  bias  state,  A0,  AN  etcT,  yields  the  detuning  bias 
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tb 


(2 
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and  the  instability 


Aw. 


"tb 


A9  AN 
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(12) 


Now,  regarding  the  aim  of  simplification  and  cost  reduction,  the  question  followed  so 
far  shall  be  inverted: 


We  will  no  longer  primarily  ask  for  the  drift  which  comes  as  a  result  of  detuning, 
but  for  the  need  and  a,culty  of  tuning  to  meet  given  drift  specifications.  Hereto  we 
first  look  at  the  gyro  wnich  has  not  undergone  any  tuning  procedures  whatsoever  in 
order  to  find  out  the  limits  within  of  which  tuning  -  other  than  by  design  -  will  be 
needed  at  all. 


Then  we  examine  the  gyro  with  tuning  treatment  in  order  to  get  knowledge  on  the  re¬ 
quired  acuity  of  tuning  and  to  reflect  upon  a  cost-saving  procedure. 


The  Tuning  Error  of  an  Untuned  Gyro 


"Urauned"  stands  for  lacking  any  tuning  treatment  after  machining  the  gyro  piece- 
parts. 


In  the  machining  prodecure  the  gimbal  inertia  J  can  be  produced  to  match  the  nominal 
valu  i  within  leas  than  1  t  without  any  particular  effort,  maintaining  the  nominal  spin 
■^peed  in  the  gyro  operation  to  even  much  less  is  no  problem  either.  The  spring  rate  of 
the  suspension,  however,  determined  by  the  third  power  of  the  leaf  thickness,  due  to 
the  small  absolute  thickness  dimensions  constitutes  the  highly  predominant  share  of 
the  original  tuning  error.  Thus  equation  (11)  can  be  reduced  for  the  untuned  initial 
sfte  with  fully  sufficient  approximation  to 


to 
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S73; 
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(13) 


wi.orei’.n  A.'"-  now  stands  for  the  difference  of  the  spring  rate  from  its  nominal  value. 
ib  this  in  essential  traced  back  to  the  mean  thickness  error  of  the  spring  leaves  of 
one  suspension,  the  maximum  spring  rate  error  A.  d/d  and  the  resulting  bias  drift 
rate  at  a  rotor  offset  of  8  *  1"  come  out  as  plotted  in  fig.  8, 
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Fig.  8 

Untuned  Gyro,  Spring  Rate  Error  due  to 
Machining  Tolerances  and  Resulting  Gyro  Bias 


Thus  stands  in  sufficient  approximation 
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'..he  diagram  shows  that  the  detuning 
due  to  spring  tolerances  can  amount 
up  tc  33  %  with  small  rotors,  de¬ 
creasing  to  20  I  in  the  upper  region 
of  rotor  sizes.  This  always  refers  to 
stiffness ,  an  equivalent  detuning  of 
spin  speed  would  amount  to  about  half 
these  values. 

Despite  the  large  relative  spring 
rate  error  the  resulting  bias  values 
of  less  than  .7s/h  are  so  small,  due 
to  the  low  absolute  stiffness  of  the 
hinges,  that  with  regard  to  bias  for 
itself  any  tuning  procedure  could 
completely  be  renounced  even  if  the 
rotor  offset  attained  a  multiple  of 
the  assumed  value. 

Now  looking  at  the  drift  instability 
described  by  equation  (12),  the  intro¬ 
duction  of  reasonable  exemplary  values 
shows  that  the  only  essential  variati¬ 
ons  come  with  the  rotor  offset  6  and 
the  temperature  dependency  of  the 
suspension  springs ,  the  latter  being 
effective  as  long  as  it  is  not  reduced 
by  compensation  or  choice  of  material. 


(14) 


whert-  ■  ,,d  rr^rka  the  stiffness  variation  due  to  temperature.  Any  tuning  operations  can 
be  abandoned  completely  inasmuch  as  the  instability  of  the  detuning  drift,  Ao  ,  does 
not  exceed  the  value  specified  for  this  drift  component  in  the  gyro’s  error  b&dget. 

In  what  regions  of  performance  this  is  the  case,  may  be  estimated  from  the  diagram  of 
fig.  9.  It  shows  the  instability  of  the  detuning  drift  versus  the  rotor  radius  as  only 
due  to  the  rotor  offset  -  for  instance  in  case  of  compensation  of  the  temperature 
effect  on  elasticity  -  as  with  additional  regard  to  the  temperature  effect-  The  rotor 
offset  instability  is  therein  considered  to  amount  to  half  the  absolute  offset. 


Results 


I  Pig-  9 

|  Untuned  Gyro,  Instability  of  Detuning  Drift  due  to 

|  Machining  Tolerances 

5  _  Mon- Regarding  Temperature  Effect 


Including  Temperature  Effect, 

Teaperature  Coefficient  of  Elaatic  Modulus 
300  ppo/K,  AT  •  70  K 


The  diagram  shows  that,  due  to  the 
suspension's  little  elastic  spring 
rate,  gyros  for  applications  outside 
the  inertial  domain  can  in  most  cases 
be  used  without  any  particular  tuning 
procedure  in  case  the  rotor  offset 
stability  ranges  around  0.5  to  1  se¬ 
conds  of  arc.  The  temperature  effect 
on  elasticity  plays  just  a  minor  role. 
Thus  in  this  range  of  applications 
the  denomination  “tuned  gyro*  has  to 
suffer  a  wide-hearted  Interpretation. 


The  Required  Acuity  Using  Tuning 
Treatment 

The  result  obtained  for  the  non-tuning 
case  encourages  to  examine  even  hlgher- 
gradad  gyro  classes  for  their  potential 
of  significant  reduction  of  offort  by 
using  tuning  treatment  of  limited, 
but  sufficient  accuracy.  There  is, 
indeed,  again  a  distinct  trethold. 

It  marks  that  range  within  of  which 
the  suspension  can  be  satlsfacorily 
tuned  already  in  ita  manufacturing 
process,  before  being  mounted  in  the 
gyro,  and  In  particular  as  long  as  it 
is  clasped  in  its  machining  fixture. 

An  example  of  doing  thie  isj  Imme¬ 
diately  after  the  electro-erosive 
cutting  of  the  suspension  its  natural 
frequencies  when  oscillating  about 
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the  two  gimbal  axes  are  measured.  As  the  contributing  inertias  of  the  glmbal  and  the 
rotor-sided  mounting  ring  match  their  nominal  values  to  better  than  0.5  %  due  to  the 
manufacturing  process  used,  the  natural  frequencies  establish  a  well-suited  measure 
for  the  actual  angular  stiffness  of  the  gimbal  axes.  Electro-erosive  machining  the 
gimbal  based  on  calculated  data  obtained  from  the  natural  frequencies,  possibly  in  the 
suspension's  original  setting,  allows  to  tune  the  suspension  to  considerably  better 
than  A.  d/d  1  0.01.  Thus  it  is  delivered  to  the  gyro  assembly  line  readily  tuned. 
Measuring  and  adjusting  the  tuning  frequency  in  the  assembly  and  calibration  process 
cease  as  well  as  design  precautions  like  threads  and  tuning  screws  with  their  securing 
problems ,  The  simplicity  of  the  suspension  takes  its  full  effect. 


In  scanning  the  limits  of  utility  the  bias  aspect  can  be  neglected.  The  instability 
equation  (12)  can  be  reduced  to 


Aco, 


8 

57a; 


( V  +  V  +  V,  A6  +  V 

*  d  *  d  0  d 
o  o  o  o 


(15) 


provided  the  spin  speed  being  maintained  within  0.1  *  from  its  nominal  value.  The 
effect  of  the  last  term  of  the  right  aide  can  be  compensated  inasmuch  as  the  rotor 
offset  e  is  stable.  In  most  cases  8  is  adjusted  to  zero  to  the  best  possible  anyway. 
Provided  this  compensation  or  zeroing  being  effective,  the  contribution  of  the  lart 
term  decreases  to 


A8 

57^  '  do 

and  it  comes,  furthermore  using  maximum  terms,  i.  e.  plain  adding  of  all  the  error 
components , 


ATd 
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(16) 


The  first  two  terms  in  trie  brackets  are  due  to  remaining  off-tur.ing  of  the  pre-tuned 
suspension ,  the  third  term  expresses  the  residual  effect  of  the  springs'  temperature 
coefficient  when  using  temperature  compensation. 


Putting  exemplary  values  of  good  realizability,  A.J/J  =  0.005,  A.  d/d  -  0.01, 

A_d/d  *  0.015  (corresponding  to  a  temperature  coefficient  of  TK(E)  =°300  ppm/K  and 
a1 temperature  range  of  ♦  50  K) ,  renders  the  values  of  detuning  drift  instability  due 
to  both,  initial  off-tur.ing  and  temperature  effect,  as  plotted  in  fig.  10. 


Now  the  temperature  effect  which  is  incompensable  due  to  the  rotor  offset  uncertainty 
appears  twl  ,o  as  large  as  the  effect  of  the  pre-tuning  error.  Its  further  reduction 
for  example  by  choice  of  the  suspension  material  or  by  temperature  stabilization  has 
to  bo  considered  particularly  for  still  more  stringent  requirements. 


Nevertheless,  under  the  provi¬ 
sion  of  a  rotor  offset  stability 
of  0.5  seconds  of  arc  being 
rather  moderate  for  inertial 
grade  gyros,  the  drift  instabi¬ 
lity  clue  to  the  pre-tuning  error 
ranges  essentially  under  .0!e/h 
for  rotor  radii  of  more  than 
14  mm,  the  total  instability 
including  the  temperature  effect 
amounts  to  the  triple  of  these 
values.  Thus  it  can  be  stated 
as  a 


Result: 

Within  a  rsngo  of  applications 
extending  far  into  the  inertial 
grade  domain  the  defined  pro¬ 
duction  of  pre-tuned  suspensions 
can  be  used  to  replace  any  tuning 
treatment  o?  the  gyro  as  a  whole. 


Fig.  10 

Gyro  With  Pro-Tuned  Suspension,  Instability  of 
Detuning  Drift. 

_  Non-Regarding  Temperature  Effect 

— -  Including  Residual  Temperature  Ef !ect  on 

Elastic  Modulus  due  to  Plcxo'f  Instability! 
Temperature  Coefficient  of  Elastic  Modulus 
300  ppm/K,  AT  *  50 K 


2-N  Angular  Sensitivity 

the  predominant  internal  sources 
of  2-N  angular  oscillation  in  a 
dynamically  tuned  gyro  are  the 
shaft  bearings  and  the  r.pln 
motor.  Since  the  spin  motor  in¬ 
fluence,  however,  can  be  suffi¬ 
ciently  reduced  by  design  and 
operation  measures  as  for  in- 
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stance  are  reported  in  /I /there  just  the  bearings  shall  be  regarded.  Their  imperfections 
produce  a  spectrum  of  radial  wobble  which, disregarding  other  components,  contains  the 
integer  harmonics  of  the  spin  frequency.  The  radial  motions  of  the  shaft  in  the  bearing 
planes  are  transformed  into  angular  motion  of  the  shaft  axis  in  the  general  case  of  the 
radial  motions  occurring  out-of-phase  (ses  fig.  11). 

With  gyro  ball  bearings  of  good  quality, 2-N  radial  wobble  has  been  observed  of  typical 
10  nm  amplitude.  Together  with  a  typical  bearing  distance  of  20  mm  it  produces  a  2-N 
angular  oscillation  of  the  shaft  of  *  1  urad  under  worst  case  conditions,  i.  e. 
the  2-N  radial  wobble  of  the  two  bearing  being  in  counterphase .  The  bearing  distance 
determines  the  radial-to-angular  transformation  and  should  be  made  as  large  as  pos¬ 
sible  regarding  this  mechanism. 

The  2-N  angular  wobble  excites  the  drift  rate  w, (2N)  according  to  equation  (2).  Much 
more  interest  than  by  its  absolute  value  is,  asabefore,  attracted  by  its  stability. 

The  day-to-day  repeatability  of  the  2-N  angular  wobble  can  according  to  experienced 
data  be  quantified  to  less  than  15  %  of  the  absolute  value  including  phase  variations. 

The  resulting  maximum  instability  of  the  drift  rate  is  plctced  in  fig.  12  versus  the 
rotor  radius . 
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Fig.  11 

Model  for  the  Generation  of  Radial -Wobble 


Fig.  12 

Maximum  Instability  of  Bearing-Excited 
Drift  Due  to  2-N  Angular  Sensitivity 


Result; 

Using  a  ball  bearing  .upported  shaft  with  a  good,  but  not  extreme  baaring  quality, 
characterised  by  an  instability  of  2-N  angular  wobble  cf  0.15  piad,  inertial  grade 
gyros  with  a  day-to-da*  repeatability  down  to  0,01*  h  can  be  implemented  with  a  one- 
yimhal  suspension. 

Accordingly  low  la  the  2-N  angu  -*•  sensitivity  of  these  gyros  in  response  to  external 
excitation,  tor  example  due  to  variations  of  the  elasticity  of  the  ambient  structure. 

Reverse  Conclusion; 

For  loss  stringent  requirtiue-ts  which  admit  drift  instsbilities  due  to  bearing  wobble 
in  order  of  Q.05*/h  or  mare,  bearings  do  not  need  any  critical  quality  specification 
with  respect  to  t-N  wobble. 

2-N  Radial  Sensitivity 

The  Internal  excitation  of  2-N  rad'al  wobble  in  a  q\ -o  has  tha  same  origin  as  that  of 
the  2-N  angular  wobble  and  as  vta  dealt  with  in  the  preceding  section.  For  the  mechanism 
see  fig.  11.  In  this  case  2-N  radial  otclllailons  of  the  suspension  centre  with  the 
amplitude  2sr  are  effective.  According  to  equation  O)  they  produce  the  drift  rate 

“ar  12N)  *  TO  <a*s  *  VW 

It  depends  from  the  axial  separation  a  of  the  suspension  axes  and  from  the  global 
penduloalty  m^e^.  Its  instability  is 
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ar 
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The  gimbal  mass  needed  for  the  estimation  of  this  drift  component  is  for  gyroB  with 
UXF  suspension,  with  performance  data  according  to  fig.  7  and  rotor  radii  >16  mm, 
given  by 

§  “  °‘053  <£g>  *  (18) 

It  remains  nearly  constant  for  smaller  rotors. 

The  2-N  radial  amplitude  of  the  centre  of  suspension  due  to  the  bearing  wobble  re¬ 
ported  in  the  preceding  section  can  amount  to  twice  the  radial  wobble  of  a  single 
bearing  in  a  usual  gyro  geometry  according  to  fig.  11.  Thus  the  radial  amplitude 
comes  to  20  nm.  The  axial  distances  in  equation  (17)  can  due  to  experience  in  the 
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Fig.  13 

2-N  Radial  Sensitivity  and  Instability  of 
Drift  due  to  2-N  Radial  Shaft  Wobble  of  the 
Amplitude  s  without  Gimbal  Balancing 


Using  these  data  equation  (17)  renders 
the  2-N  radial  sensitivity  and  the 
instability  of  the  resulting  drift 
due  to  the  2-N  radial  bearing  wobble  as 
plotted  in  fig.  13. 

Result: 

The  drift  instability  induced  by  the 
2-N  radial  wobble  or  the  gyro's  own 
shaft  bearings  falls  even  with  wide- 
hearted  presumptions  regarding  bea¬ 
ring  quality  and  gimbal  pendulosity, 
definitely  below  .01°/h  for  rctor 
radii  over  14  mm.  No  further  reduc¬ 
tion  by  gimbal  balancing  is  necessary 
even  for  applications  in  the  1/100*/h- 
domaln  with  usual  rotor  radii  of 
15  nun  and  up. 


™  :.!|Z  f  ,h*i  The  priory  reason  is  the  minute  axial 

Amplitude  s r  without  Gimbal  Balancing  separation  of  the  suspension  axes, 

secondary  ones  are  the  small  gimbal 
mass  and  small  initial  unbalance, 

features,  which  arise  from  characteristics  of  the  specially  developed  machining  pro¬ 
cess  and  the  mass-saving  design  concept. 

Balancing  of  the  gimbal  could  prove  necessary  only  in  case  the  radial  sensitivity  with 
respect  to  external  2-N  accelerations  shall  further  bo  reduced.  Its  values  range  be¬ 
tween  40  and  10*/h/G  RMS.  Its  dominant  share  originates  from  the  axial  separation  of 
the  suspension  axes,  which  in  this  suspension  due  to  the  manufacturing  process  is  al¬ 
ready  very  small  and  which  according  to  equation  !3)  can  be  compensated  for  by  deli¬ 
berately  producing  a  gimbal  axial  unbalance. 


S,  Final  Conclusions 

The  novel  gyro  hinge  design  described  combines  outstanding  producibillty  thanks  to  a 
design  of  unique  simplicity  with  high  performance  capability  due  to  optimal  flexure 
contour  and  utilisation  of  design  space.  Its  Indtrect  effect  on  the  design  and  the 
effort  for  manufacturing  and  calibrating  dtg’s  has  been  shown  with  respect  to  strap- 
down  gyros  in  the  sire  ranging  from  12  to  23  rwa  rotor  radius.  The  following  cost- 
reducing  consequences  on  gyro  design  and  calibration  can  be  noted: 

1.  No  need  for  mul  :i -gimbal  design  even  in  the  Inertial  quality  dosain  with  day-to- 
day  repeatability  down  to  0.01 */h- 

2.  No  need  for  gimbal  balancing  in  the  same  domain. 

3.  No  tuning  treatmen'  whatsoever  for  gyros  of  day-to-day  repeatability  of  more  than 
O.lVh  to  1  */h,  dependent  on  sire  and  pickoff  stability. 

4.  Reduction  of  tuning  treatment  to  suspension  pre-tuning  for  most  inertial  grade 
gyros. 

5.  Reduced  Influence  of  elastic  modulus  variations. 

Consequent  utilization  of  this  potential  renders  gyro  concepts  of  specific  simplicity 
and  cost  effectiveness  in  each  application  range  from  low  performance  to  inertial 
quality. 
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OPTICAL  ROTATION  RATE  SENSORS 
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INTRODUCTION 

The  measurement  of  inertial  rotation  using  optical  methods  has  been  under  active 
development  for  more  than  15  years.  The  approaches  so  far  have  been  based  on  two  princi¬ 
ples;  one  based  on  the  Sagnac  effect,  leading  to  the  ringlasers  (RLG)  and  its  new 
derivatives;  the  other  based  on  the  spin  of  the  nuclei  leading  to  the  nuclear  magnetic 
resonance  gyro  (NMRG  or  MRG).  In  the  case  of  the  RLG,  the  inertial  reference  quantity 
is  the  velocity  of  light,  since  it  is  independent  cf  the  platform  motion.  In  the  case 
of  the  MRG,  one  attemp'ts  to  derive  the  inertial  reference  from  the  spin  vector  of  a 
conglomerate  of  oriented  atomic  nuclei.  Successful  appVoaches  are  so  far  limited  to 
inertial,  angular  velocity  measurement  via  comparison  with  a  magnetic  field  induced 
Larraor  precession  of  the  nuclei.  Both  methods  rely  on  optical  operating  and  readout 
means,  the  RLG  by  necessity  and  the  MRG  by  convention. 

The  research  and  development  for  both  systems  is  dictated  by  the  promise  of  cos'- 
reduction  or  performance  increase,  or  both,  in  strapdown  inertial  systems,  and  they  bene¬ 
fit  from  the  application  of  modern  optics  and  micro-electronics  technology.  (Fig  1) 

As  to  status  and  progress,  it  is  fair  to  say  that  the  RLG  has  reached  production 
stage  in  its  original  conventional  version,  while  the  MRG  is  more  or  less  still  in  the 
exploratory  development  or  research  stage. 

Justification  for  pursuing  both  approaches  derives  from  the  fact  that  the  RLG 
requires  a  certain  (large)  size  and  mechanical  precision  in  construction  while  the  MRG 
ha3  the  potential  for  greater  miniaturization,  especially  for  relaxed  structure  tolerances. 
On  the  other  hand,  recent  RLG  work  Indicates  new  possibilities  for  significant  sensitivity 
Increase  and  optimum  adaptability  to  specific  environments  and  missions.  (Pig  2?) 

The  paper  will  be  primarily  concerned  with  an  analytical  review  of  various  approaches 
to  the  measurement  of  inertial  rotation  by  optical  means  with  emphasis  on  the  more 
recent  concepts. 

LIST  OP  SYMBOLS 

Yv  gyromagnetic  ratio  of  particle 

A  number  of  pulae  counts 

C  phase  velocity  of  light  wave  in  vacuum 

c*  phase  velocity  of  light  in  rotating  optical  medium 

f  optical  earriar  frequency 

*  optical  phase 

af ,P  beat  frequency,  RLG  output  signal  frequency 
L  length  of  closed  optical  path 
n  refractive  index  of  path  medium 
5*  number  of  turns  in  optical  path 

?  number  of  roc irculat lens  or  waves  in  closed  optical  path 

P  fractional  polarisation  of  nuclear  particles  In  specific  gas  voluoc 

t(t)  phase  difference  between  the  electrical  vectors  of  the  clockwise  (CW)  and  the 
counterclockwise  (CCV)  traveling  optical  waves 

s/n  signal  to  noise  ration  of  electrical  signal  at  action  detection 

t  integration  time  at  detector  output 

T  photon  transit  time  over  p^th 

Tv  relaxation  time  for  particle 

a  rotation  rate  as  mechanical  Input,  to  be  determined 
u  angular  frequency,  wave  rotation  rate 
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A2  relative  shift  of  interference  fringe  location 


RINGLASER 

1.  Concept 

Sagnac,  in  a  1913  publication,  demonstrated  an  optical  system  capable  of  sensing 
inertial  rotation.  Using  mirrors,  a  single  light  beam  was  split  into  two  beams  which 
were  then  made  to  travel  in  opposite  directions  around  a  single  closed  path.  After 
traversing  the  path,  the  beams  were  superimposed  to  produce  optical  interference  fringes. 
When  the  system  was  rotated,  a  small  shift  in  position  of  the  fringes  on  the  rotating 
platform  was  observed.  This  shift  pi  ,  'rtional  to  the  velocity  of  inertial  rotation 
of  the  system  platform. 

The  ringlaser  rotation  sensor  (RLG)  is  a  device  which  uses  the  basic  Sagnac 
effect  in  a  particular  way.  A  laser  is  incorporated  into  the  closed  loop  optical  path. 

Its  frequency  is  determined  by  the  resonant  frequency  of  the  loop.  When  the  system 
rotates,  the  resonant  frequency  splits  into  two  frequencies;  the  difference  frequency  of 
these  two  simultaneous  laser  oscillation  frequencies  is  proportional  to  the  rotational 
velocity  and  is  measured. 

The  phase  of  the  beat  signal,  which  is  measured  in  the  Sagnac  case.  Is  here 
simply  measured  by  transforming  the  sinusoidal  beat  signals  into  pulses  ana  by  counting 
these  pulses.  Tne  number  of  pulse^  is  proportional  to  the  described  angle  while  the 
pulse  rate  is  proportional  to  the  rotation  rate.  (Pigs  2  to  17) 

Different  from  conventional  gyros,  the  RLQ  is  a  static  device.  It  has  excellent 
and  wide  linearity  uo  to  10s  °/hr  from  a  few  hundredths  with  deviations  from  linearity 
-vlO"3.  It  has  direct  digital  readout,  and  a  20  cm  side  triangle  renders  easily  a  frac¬ 
tion  of  arc  sec  resolution.  Signal  processing  is  easy  and  avoids  the  problem  of  weak 
analog  signals.  The  RLG  is  Insensitive  to  vibration  and  acceleration  iri  a  sufficiently 
rigid  structure. 

The  RLG  ia  intrinsically ,  weakly  sensitive  to  temperature  and  magnetic  field. 
Difficulties  arise  from  the  coupling  of  the  optical  waves,  the  non-rociproeity  of  the 
properties  of  the  optical  trajectories  in  the  amplification  and  resonator  medium,  and 
from  the  need  of  conservation  of  optical  path  alignment  in  spite  of  environment  influ¬ 
ences. 

Since  19^3,  Maceck  and  Davis  at  Sperry  first  demonstrated  a  ringlaser;  the  K4D 
community  has  successfully  dealt  with  the  RIX3*s  detailed  materials,  shielding  and 
stabilisation  problems;  has  developed  3  theoretical  framework  fo.r  understanding  the 
phenomena  tor  mathematical  models  to  aid  design  and  testing;  and  has  succeooed  to  produce 
a  reliable  inertial  grade  gyro  with  excellent  operati.g  and  shelf  life.  (Pig  19) 

2.  Mew  Approaches 

New  technologies  and  new  solutions  for  overcoming  costly  intrinsic  difficulties 
have  stimulated  new  approaches.  These  new  approaches  to  inertial  rotation  sensing  are 
also  aimed  at  providing  high  sensitivity  in  the  measurement  down  to  very  low  rates,  fee 
required  in  present  and  anticipated  navigation  and  control  applications  in  particular, 
with  the  expectation  of  increased  applicability  and  lower  overall  cost.  They,  too, 
render  the  direct  quantitative  absolute  inertial  rotation  rate  measurement ,  requiring 
no  comparison  with  other  standards  for  calibration  and  are  basically  unaffected  by 
acceleration. 

The  new  systems  arc  based  on  the  Sagnac  effect  few?  are  designed  to  be  inherent¬ 
ly  free  of  one  serious  problem  encountered  when  the  laser  is  In  the  ring:  the  mode 
locking  effect.  As  a  rsauit  of  this  effect,  scro  rotation  rate  will  be  indicated  below 
a  certain  rate.  So,  the  goal  is  to  lower  this  lock-in  threshold  by  improved  design  such 
that  its  value  la  below  the  minimum  rotation  rate  to  be  measured  or  to  find  means  to 
overcome  or  circumvent  -the  locking  effect  altogether.  This  leads  to  the  application  of 
a  "bias"  rotation  rate  where,  for  instance,  by  imposed  known  steady  rotation  sl®ply  an 
operating  range  outside  the  Icck-ln  region  is  used  or,  more  frequently,  where  the  bias 
rotation  is  oscillating  symmetrically  far  across  the  ZocK-ln  range,  which  then  allows 
the  measurement  from  tero  rate  over  a  wide  range  of  rotation  rates.  Unfortunately,  these 
latter  "dither"  bias  (mechanically,  magnetically ,  or  optically  induced)  methods  create 
noise  which  defeats  the  attempt  toward  minimum  rate  measurement  thresholds,  and  introduce 
error  sources  of  their  own.  (Figs  2,  3,  9  to  19)  A  novel  “seif-dither*1  proposal 
suggests  sisgjlifioation  of  the  biasing  system  by  laser  internal  periodic  bias  generation. 
(Appendix  A,  £1) 

Another  approach  to  avoid  the  lock-in  problem  ia  to  apply  stationary  bias  on 
two  separate  optical  oscillators  in  the  same  ring  such  that,  with  oppoclt  bias  polarity, 
the  one  beat  frequency  increases  while  the  other  decreases  from  the  stationary  operating 
point.  The  degree  of  symmetry  and  reciprocity  in  the  optical  paths  of  the  two  lusting 
systems  will  determine  whether  the  maximum  sensitivity  (shot  noise  limit)  and  stability 
can  be  achieved.  The  results  30  far  are  encouraging.  (Pi©*  15  to  17,  Appa&dix  a,  ptq  H) 


More  recent  approaches  attempt  to  avoid  the  complications  of  the  active 
resonator,  including  the  lock-in  problem,  by  putting  the  laser  outside  the  ring.  The 
measurement  becomes,  again,  a  phase  shift  measurement.  The  light  beams  in  the  ring, 
which  now  acts  as  passive  Pabry-Perot  resonator,  are  essentially  decoupled  and  guaranteed 
a  maximum  of  reciprocity  in  their  propagation.  While  in  Buch  a  system,  one  can  apply  a 
desirable  high  signal  level;  the  indication  of  the  rotation,  and  the  accuracy  of  the 
phase  shift  readout  is  a  major  problem  for  opto-electronics.  (Pigs  k  to  7) 

The  solutions  for  an  accurate  and  practical  detection  are  sought  essentially  in 
four  directions : 

a.  Improvement  of  the  classical  fringeshift  reading  through  differential  two- 
detector  schemes  and  application  of  very  low  loss  components. 

b.  The  modulation  or  switching  of  the  optical  carrier  and  application  of 
synchronous  detection  and  a  feedback  signal  servo  at  the  output. 

c.  Feedback  from  the  output  to  the  input  lo  tune  the  laser  line  to  the  rotation 
shifted  resonance  frequency  of  the  passive  ring  resonator.  Direct  frequency 
difference  reading  is  possible. 

d.  A  pulse  system  featuring,  like  an  RLG,  a  rotation  sensing  loop  comprising  a 
single  reentrant  closed  optical  path,  but  with  the  laser  oscillator  outside 
and  a  laser  amplifier  .within  the  loop.  The  signals  from  the  external  source 
are  short,  optic? 1  pulses  and  are  sensed  each  time  they  traverse  the  turns 
of  the  loop  and  the  rotation  data  is  extracted  from  these  sampled  pulses. 

This  reentrant  system  has  inherently  the  sensitivity  and  digital  output  as 

a  ringlaser  would  have  with  the  same  loop  dimensions  if  mode  locking  were 
absent.  (Pigs  18  to  2k) 

As  seen,  these  new  systems  have  the  source  outside  the  ring,  the  beams  are 
decoupled  in  the  ring;  so,  no  mode  locking  obscures  the  rotation  effect;  the  frequency 
of  the  oscillator  is  not  influenced  by  the  counter  traveling  wave  and  multiple  turns  of 
low  loss  optical  waveguides  can  be  profitably  applied  to  increase  sensitivity  as  can  moat 
components  of  Integrated  optics.  In  i'eturn,  this  technology  benefits  from  the  very 
stringent  requirements  of  this  new  Instrumentation.  With  these  concepts,  application 
adaptive  optimum  devices  can  be  conc-sived,  cheap  small  sensors  on  a  chip  and  large  fiber 
loops  around  a  vehicle. 

Progress  in  the  short  time  of  activity  in  the  above  mentioned  direction  13  very 
encouraging  although  still  far  from  the  goals.  Shot  noise  limited  thresholds  and  earth 
ratq  measurements  have  been  achieved  in  the  laboratory. 

The  figures  following  this  text  attempt  to  illustrate  the  main  implementation 
and  trends.  The  new  devices  and  their  potential  should  broadly  cover  the  foreseeable 
application  needs  and  at  reasonable  cost. 

3.  Russian  Activity  (IV) 

Also,  casual  observation  showed  that  during  the  last  decade  3  relatively  large 
number  of  Russian  scientists  have  published  on  ringlaser  related  subjects.  Aside  from 
review  papers,  detailed  technology  aspects  am)  some  stimulating,  as  well  as  pussling 
topics,  were  discussed;  topics  like  lock-in  range  reduction  by  haekseaiter  radiation 
reduction  in  aervp&d  sirrcr  shift  arrangements  (App  a.  Fig  12).  application  of  a  aat&roble 
absorber  medium  tc  prevent  mode  -locking,  arid  theory  to  explain  observations  made  with  an 
all  solid-state  ringlaser.  The  latter  subject,  although  of  some  general  interests, 
remains  cent rover sia 1  - 

Ringlaser  Summary 

All  the  known  approaches  are  based  on  the  principle  that  two  identical  light  beams 
propagating  in  opposite  directions  around  the  same  closed  path  suffer  unequal  phase  shifts 
in  the  presence  «r  inertial  rotation.  The  phenomena  was  first  described  by  sagrao  in 
i?13»  ?nd  Sts  validity  demonstrated  by  research  workers  (Harness,  Kichelsott,  .3,0.)  since 
t.nen.  The  nagnStude  of  the  rotation  induced  nan-reciprocal  phase  shift  is  proportional 
to  the  inertial  rotation  rate  o&out  an  sxls  perpendicular  to  the  plane  of  the  light  path, 
to  the  *rea  enclosed  by  the  path,  the  frequency  of  the  light  and  so  the  inverse  of  the 
Square  Of  the  vacuum*  velocity  of  the  light,  notice  that  it  is,  in  first  order,  indepen¬ 
dent  c-f  the  properties  of  the  light  path.  Reams*  the  phase  shift  ia  very  email  for  the 
rotation  rates  of  interest  in  inertial  navigation  (e.g. ,  for  x  earth  sate  and  a 

109  ec5  area  of  the  .rifts,  the  phase  afclf  is  IP-15  radians),  sophisticated  Approaches 
oust  be  us^S  for  the  sseasuresant  of  the  phase  shifts. 

The  as?at  £vi»uiar  *r.d  successful  technique  developed  so  far  is  based  on  the  ring- 
laser  fRiyj approach  in  which  ,he  Tins  resonator  or  cavity  is  "active;"  i.e.,  it  contains 
s  laser  as  dsclllator  and  the  please  shift  manifests  itself  as  a  frequency  difference 
between  the  two  oppositely  propagating  beams • 

As  light  aersfees,  KeKe  lasers  hav*  found  predominant  use,  and  excellent  operating 
and  reliability  conditions  have  hecn  i-u ported.  PLGs  have  been  demonstrated  i«  straps own 
systems  v¥«r  (tcrisStlvlty  ranges  of  ld~J  10*  5/hr,  however,  are  not  currently  cost 
competitive  with  conventional  gyros  frevs  about  1  to  jC*  °/hr  while  the  never  optical 
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rotation  sensors  are  expected  to  be.  Multioscillator  system  experiments  Indicate 
satisfying  the  high  sensitivity  end  of  the  range.  It  also  appears  that  a  single  opti¬ 
cal  rotation  sensor  can  cover  five  orders  of  magnitude  of  measurement  and  accuracy 
requirements.  Related  research  and  development  efforts  promote  new  advances  for 
sensitivity,  accuracy,  operating  range,  reliability  and  'ost  improvements  by  new  bias¬ 
ing  arrangements,  new  optical  components,  and  laser  sources. 

While  the  conventional  gaseous  dithered  systems  experience  continue*.'  improvement, 
they  are  being  complemented  by  solid-state  systems  which  draw  on  fiber  and  integrated 
optics  advances.  Recently,  several  "passive"  approaches  for  the  measurement  of  the  phase 
or  fringeshift  have  been  under  investigation.  These  include  the  use  of  paeolve  ring 
resonators  with  light  sources  external  to  the  ring  and  external  means  of  rhase  shift 
measurement  as  well  as  multl-Aurn  fiber  optic  interferometers  employing  semiconductor 
lasers  and  various  sensitive  schemes  for  the  readout  of  the  non-reciprocal,  rotation- 
induced  phase  shifts. 

OPTICAL  PUMPED  NUCLEAR  MAGNETIC  RESONANCE  QYRO 


1 .  Concept 

The  nuclear  magnetic  resonance  gyroscope  is  a  rate  integrating  single  axis 
instrument.  The  inertial  rotation  sensing  element  is  a  collection  of  oriented  atomic 
nuclei.  Aside  from  the  motion  of  the  atoms,  there  are  no  moving  parts;  the  operation 
should  not  be  influenced  by  high  acceleration  and  should  create  no  reaction  torque  ».  It 
can  also  accommodate  large  input  rates  and  angle  ranges. 

Here  lies  the  practical  interest  in  its  development;  physical  sciences  motiva¬ 
tion  derives  from  a  simplified  picture  of  certain  atomic  nuclei  which  posses  inherent 
angular  momentum  and  act  like  spinning  perfect  gyroscopes  at  the  center  of  atoms  with 
no  power  input  and  nearly  perfect  gimballing.  The  spinning  nucleus  (or  atom)  has  also 
a  magnetic  moment  which,  fortunately,  allows  readout  of  the  orientation  of  the  spin  but, 
on  the  other  hand,  requires  careful  magnetic  field  equalizations  and  shielding  to  hold 
the  disturbing  moments  at  a  low  level  (<  10-8  gauss,  e.g.).  The  ideal  situation  would 
be  the  removal  of  all  ambient  magnetic  field  and  the  prscesslon-free  operation  of  th' 
gyroscope  deriving  "space  reference"  from  the  collection  of  ordered  spins  fixed  in 
inertial  space.  Since  a  single  atom  would  have  too  low  a  magnetic  and  spin  moment, 
collection  must  be  such  as  to  have  an  accumulated  magnetic  and  angular  momentum  stresvj ./ 
above  the  tolerable  interfering  Influences.  The  surplus  of  angular  momentum  as  in  a 
mechanical  gyro  cannot  (yet)  be  obtained. 

At  present  a  compromise  is  used.  A  siseable,  constant  magnetic  field  i3  intro¬ 
duced  and  a  Larmor  precession  of  nuclear  magnetization  initiated.  Rotation  information 
sensed  arises  from  changes  in  the-  phase  and  frequency  of  the  measured  signal  when  the 
observers’  plat forts  rotates  about  the  direction  of  the  applied  constant  magnetic  field. 
This  is,  thes,  a  rate  gyro  instead  of  a  directional  gyro  with  the  input  axis  along  the 
spin  axis  of  the  Larmor  precession. 

To  compensate  for  ssagne tie  field  changes,  two  kinds  of  nuclei  are  used,  hence, 
two  output  frequencies.  Further,  In  order  to  min ’alee  effects  of  nuclear  magnetic  vector 
fluctuations  (by  light),  two  equal  precessions  in  opposite  magnetic  fields  are  employed. 

While  one  talks  of  a  "gyre-,"  it  fcust  bo  cautioned  that  the  principle  applied  in 
the  8MR  is  one  very  different  from  that  of  a  gyro.  An  axis  tilt  would  net  render  «  signal 
because,  in  principle,  the  plane  of  jir«c*foa£.on  follows  the  direction  of  the  applied 
magnetic  field.  S-o,  the  inertial  reference  pertain-?  only  to  the  rotation  about  that 
direction.  In  my  present  Judgement,  whether  the  signal  arising.  In  case  the  magnet le 
field  is  switched  off,  am.  be  used  a&d,  sen*  practically,  how  cross-axis  coupling  can  be 
ellmihted,  remains  open.  (Pigs  JO  tj 

in  the  following,'  further  detail's  are  given,  focussing  on  some  essentials  in  an 
otherwise  bre-ad,  far  from  tneorcti-fially  and  eepvrlewntal Sy  finalised,  research  and 
development  effort - 

2.  Why  Optical  Pumping 

Known  magnetic  resonance  gyro  ntvet3p»c;:ts  use  optically  pumped  atonic  vapors. 

The  effective  a  ike  *.?  nuclear  esuaeni*  in  s  sample  is  extremely  small  in  the  natural 
equilibrium  Mituo.il  on  where  a  near  randoi?  orientation  of  moments  exists.  Opt  tool  pump¬ 
ing  is  then  a  technique  to  orient  a  large  portion  of  these  Boaents  in  a  single  spatial 
direction  so  that  e  microscopic  scms'-H  results,  the  position  and  velocity  of  which  can 
be  determined  precisely,  as  n-fwtded  for  the  gyroscope  application  One  should  notice 
chat  sesh  ae*»sure«ent  vo;{2d  not  be  possible  for  a  single  particle,  but  that  a  certain 
congloacraVe  of  particles  is  necessary.  The  number  of  participating  particles  ( tempera - 
ture,  pressure)  necessary  If.  a  subject  of  further  research  in  conjunction  with  the 
signal  generation  and  detective  IsprsvemettV  problem. 

Although  many  other  magnetic  resonance  measurement  schemes  *xlst,  the 
advantages  of  an  optically  puspas  gas  system  are  dominating;  they  are  threefold: 

a.  While  it;  standard  wppJt,  the  spin  polarisation  of  a  sample  at  fields  below 
a  hundred  gauss  Is  ioc  suall  to  be  of  ise,  one  can  obtain  large  spin 
polarisation  by  optical  pumping  also  In  a  weak  or  tiro  Magnetic  field*  . 
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b.  One  obtains  very  long  spin  relaxation  times  in  an  optically  pumped  vapor 
so  that  magnetic  resonance  line  widths  are  narrow  and  the  precision  of 
measurement  is  high. 

c.  By  monitoring  the  magnetization  with  light,  one  car.  attain  high  signal-to- 
noise  ratios. 

Nevertheless,  it  seems  prudent  to  watch  development  work  in  classical  nuclear 
magnetic  resonance  such  as  magnetometers  based  on  dynamic  polarization  of  nucleii  by  VHP 
pumping  of  a  liquid  ensemble.  Extrapolations  of  such  a  system  could,  in  principle,  lead 
to  a  gyroscope. 

In  optical  pumping,  a  light  beam  interacts  selectively  with  a  vapor  to  populate 
angular  momentum  states  of  the  atom,  thus  providing  a  large  degree  of  spatial  orienta¬ 
tion  while  the  light  penetrates  the  sample.  Once  pumped,  because  of  various  relaxation 
mechanisms,  this  orientation  d&.’ays  toward  equilibrium  with  a  characteristic  time  con¬ 
stant  T. .  This  time  must  be  long  enough  for  an  efficient  pumping  to  be  completed  and  to 
have  time  to  permit  precise  measurement  of  the  precession  frequency. 

The  optical  pumping  process  is  used  either  in  a  one-step  or  two-step  process. 

In  one  step,  a  system  of  vapor  atoms  is  optically  pumped  by  absorption  of  spectral  light 
from  a  vapor  discharge  lamp  or  a  laser.  This  results  in  a  magnetic  moment  cf  a  signfi- 
cant  number  of  atoms  being  orientated  in  the  direction  that  Is  parallel  to  the  incident 
light.  If  the  optical  pumping  rate  is  1/T  and  the  decay  rate  i»-  l/T  ,  then  the 
fractional  polarization  at  equilibrium  will  be:  p 

1/T  Td 

p  "  1/Tp  +1/Td  *  f  +  Td  {Eq* 

In  systems  where  a  second  step  follows,  that  is,  where  spin  exchange  collisions  take 
place  from  one  gas  to  another,  the  fractional  polarization  p  must  not  only  be  large  but 
the  spin  exchange  times  must  be  much  smaller  than  the  decay  times  of  the  polarized 
species. 


While  the  spatial  orientation  of  the  spin  system  is  caused  to  vary  in  time  in  a 
prescribed  way  by  the  application  of  a  suitable  combination  of  AC  and  DC  magnetic  fields, 
the  absorption  of  light  (from  the  same  light  that  is  used  for  optical  pumping}  depends 
on  this  spatial  orientation.  The  intensity  of  the  transmitted  light  beam' varies, 
therefore,  in  accordance  with  the  applied  fields  and  with  the  magnetic  fields  created  by 
the  preeessing  nuclear  momenta  which  vary  in  time  at  their  espectlve  Larraor  frequencies, 
and  which  cause  corresponding  sinusoidal  amplitude  modulations  of  the  transmitted  light. 

The  ad .‘antages  aimed  at  with  such  a  system  are: 

a.  The  same  light  source  for  pumping  and  readout. 

b.  deed  operation  at  law  magnetic  fields  for  which  field  uniformity  is  easl-r 
to  achieve  thus  obtaining  desirable,  long  coherence  times  for  the  nuclear 
precession. 

c.  The  modulation  Information  on  the  light  contains  information  not  only  about 
the  nuclear  moment  fields  but  about  other  magnetic  fields.  By  suitably 
processing  this  information,  it  is  passible  to  precisely  control  these 
fields  along  the  three  orthogonal  aces. 

The  effective  cwseent  fields  determining  the  readout  signals  can  bo  much 
smaller  than  in  a  case  of  an  Induction  coll  pick-up. 

?  Elimination  of  the  Effects  of  Ambient  Magnetic  Fields 

The  KXS  system  Is  sensitive  both  to  the  inertial  rotation  rate  of  the  apparatus 
and  the  a»Ment  magnetic  fields.  J’.athes*  than  attempting  to  eliminate  this  field,  it  has 
been  customary  to  measure  the  fields  simultaneously  with  the  rotation  rate  by  using  two 
different  nuclear  species  since  two  unknowns,  the  field  and  the  rotation  rate,  require 
two  measurements.  The  problems  of  eliminating  the  effects  of  external  fields  by  using 
two  species  its  central  to  the  *roe»  temperature*  systems  of  Slngcr-Kearfott,  Litton, 
and  Texas  Instruments. 

!n  contrast,  Stanford  University  Is  working  on  a  he Him  3  nuclear  gyro  system 
where  at  cryogenic  temperatures  the  ambient  magnets-  fields  and  then  the  spin  disturbing 
moments  are  ttlniasised  through  the  employment  of  superconductive  shields. 

a.  RX3  Mechanisation  (Fig  35) 

In  one  example  of  an  K80,  the  cell  (1  cm  el  of  high  purity  synthetic  fused 
silica  contains  5,*Hg  and  3esHg  in  the  for®  cf  swn-atomlc  vapor  O0“*  allllaeter  Kg, 

IQ13  atwss/ce). 

The  harawr  signals  occur  at.  1  KHs  and  Ns,  respectively,  in  a  1.2  gauss  applied 
field.  An  optical  pumping  beam  inparts  angular  momentum  frea  the  circularly  polarised 
light  to  the  mercury  atoms  so  the  net  nuclear  magnetisation  t-ecosses  oriented  and  enhanced 
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by  a  factor  of  about  10  9 . 

The  precasalonal  motion  of  the  magnetization  causes  the  monitor  light  beam  tc 
be  modulated  at  the  two  frequencies.  The  modulation  on  *he  light  beam  is  converted  to 
electrical  signals,  amplified  and  fed  back  to  drive  the  !  - ^netization  in  a  steady  pre¬ 
cession.  The  gyro  output  signal  is  derived  from  two  3ueh  NMR  controlled  oscillators  as 
"spin  generators.”  The  two  oscillators  are  arranged  wltn  their  constant  magnetic  fields 
pointing  in  opposite  directions  so  that  rotations,  which  add  to  the  phase  of  the  signals 
in  one  oscillator  subtract  from  the  phases  in  the  other  loop.  This  improves  the  phase 
detection  accuracy  anc  minimizes  disturbing  environment  influences. 

Oyro  performance  depends  on  phase  and  frequency  stability  of,  and  noise  in, 
the  spin  generator  loop  and  or  the  directional  stability  and  uniformity  of  the  magnetic 
fields. 

The  noise,  arising  from  the  photon  beams  in  the  spin  generator  and  from  the 
fundamental  magnetization  phenomena,  can  be  minimized  by  achieving  large  S/N  ratios  in 
the  magnetic  resonance  cell  (>40  *b). 

The  degree  to  which  the  output  of  the  oscillator  follows  the  precession  motion 
depends  on  the  phase  stability  of  the  oscillators  where  a  large  amount  of  feedback  is 
warranted. 

A  change  in  applied  magnetic  field  direction  changes  the  direction  of  the  gyro- 
sensitiv-i  axis.  Small  shifts  can  be  accommodated  by  shielding  or  orientation  change  of 
the  AC  driving  colls. 

At  what  precession  rate  the  magnitude  of  the  resonance  is  a  maximum  (and  the 

phaseshift  at  median  value)  and  is - aside  from  magnetic  field  and  the  gyromagnetic 

ratio - also  weakly  dependent  on  the  spectral  distribution,  polarization  and  intensity 

of  the  applied  light.  The  influence  of  light  intensity  changes  la  reduced  by  careful 
equivalent  adjustment  of  the  light  in  the  two  cells. 

Further  discussion  will  focus  or.  some  principal  aspects  of  interest  in  the 
atten.pt:  to  utilize  the  full  information  stored  in  the  phase  of  the  processing  nucleqr 
magnet izat  Ton. 

5.  Choice  of  Nuclei  (Pigs  36,  39) 

From  the  expressions  for  the  phase  error,  it  can  be  seen  that  the  effective 
relaxation  times  and  tht  difference  of  the  gyromag.  otic  ratios  should  be  maximized. 
Favorable  choice  of  atoms  and  nuclei  means,  of  course,  simplification  by  avoiding  intrin¬ 
sic  difficulties.  For  instance,  choice  of  otoas  with  &  closed  electronic  shell,  like 
noble  gases  have,  may  render  minimum  interaction  and  high  relaxation  times.  The  choice 
of  the  particle  la,  however,  mostly  constrained  by  the  available  knowledge  ar.d  experience 
with  a  particular  system  and  Its  behavloi  In  KMIi  operation  (Bloch  equation  parameters). 
Further  research  will  certainly  be  helpful. 

The  known  NMH  gyro  effects  employ: 

a.  Two  Isotopes  Mg***  and  Kg18*,  tne  basic  physics  of  which  has  been  expen¬ 
sively  researched  in  the  past;  they  can  be  directly  pumped  with  OV  resonance  light 
(«53.?,  l8§.0  ns)  requiring  quartz  optics  and  suffering  absorption  by  atmospheric  oxygen. 

b.  04d  isotopes  or  nobie  gases  which  have  the  advantage  of  longer  relaxation 
times,  but  may  have  the  disadvantage  In  that  they  cannot  be  pusprd  with  their  own 
resonance  light  which  may  He  too  far  in  the  ultraviolet.  One  may  use,  then,  a  techni¬ 
que  of  spin  exchange  pumping  In  whlen  alkali  metal  vapor  is  mixed  with  the  noble  gases 
and  the  polarisation  of  the  optically  pumped  vapor  Is  transferred  to  the  noble  gas,  the 
pumping  light  requiring  only  glass  optics. 

c.  Being  explored  1  -  the  combination  of  nuclear  spin  systems,  fie1 

with  electronic  spin  system  he’  with  the  Fs  *  *  s  very  ibng  relaxation  time  ifi  the 

gyrossde  and  the  he8'  with  short  relaxation  time  in  the  magnetometer  mod5*.  Since  a  long 
relaxation  time,  coupled  with  a  high  signal  to  noise  ratio,  render*  a  minimum  gyro  error, 
the  goal  is  to  reduce  the  influence  of  He*1  with  its  short  r^’axstien  time  (its  metastafele 
atoms  are  destroyed  in  collisions)  on  the  He*  system,  noting  that  the  gyrcxagnetic  ratio 
compensates  for  the  fest  relaxation  of  Fe%.  The  measureaent  threshold  for  the  KS3  is 
determined  by  the  statistical  error  of  the  scale  factor  and  by  practical  limitations  d«e 
to  shot  noise,  frequency,  and  phase  drifts. 

That  the  practical  error  la  larger  than  the  theoretically  determined  statistical 

*  error  and  shows  drift - where  the  exponent  Indicates  the  uncertainty  of  the  time  fwnc- 

|  tlen  for  the  drift  from  one  system  to  another - is  subject  of  further  research  and 

j  development.  One  concern  Is  the  shot  noise  Influence.  To  decrease  it,  one  increased 

|  the  intensity  of  the  Sight;  this  however  broadens  the  magnetic  resonance  line  which 

f.  counteracts  the  improvement  fro«  reduced  shot  noise-  Optimum  Sight  level  is  reached 

t  when  the  relaxation  rate  of  the  atssss,  due  to  the  light,  is  equal  to  the  Intrinsic  relax¬ 

ation  rate.  Further,  the  detection  scheme  should  be  such  that  the  coupling  between  shot 
noise  and  SinewiJtb  is  a  minimum  by  arranging  that  a  nasimua  of  atoms  are  available  to 
interact  with  the  light,  and  the  interaction  rate  per  atom  can  be  relatively  small. 


6 .  MRO  Summary 


The  NMR  Gyro  or  MRO  employs  nuclear  magnetic  resonance  phenomena  to  measure 
Inertial  rotation  rate. 

The  rotating  mass  of  a  flywheel  of  the  classical  gyroscope  as  sensing  element 
Is  replaced  by  the  dynamics  of  nuclear  and/or  atomic  spins  and  resulting  magnetisms  of 
certain  atomic  species. 

Unlike  its  mechanical  counterpart,  there  is  no  bearing  to  wear,  and  there  Is 
Intrinsic  motion  Isolation.  Reduced  maintenance  requirements,  compact  design,  and 
reliable  electronic-optical  components  should  lead  to  significant  savings  In  acquisition 
and  life  cycle  cost  If  similar  ratio  of  angular  momentum  to  disturbing  momentum  can  be 
achieved,  as  is  the  case  with  a  classical  mechanical  gyro. 

Basic  to  the  MRO  is  tne  fact  that  a  magnetic  moment  generated  from  a  multi¬ 
tude  cf  spinning  particles  precesseo  about  a  magnetic  field  H  with  the  Larraor  precession 
frequency  »  yH-Q.  That  Is,  the  Inertial  rate  fl  can  be  Inferred  from  the  precise 
measurement  of  the  uurncr  precision  frequency,  given  y  and  H.  (Pigs  30  to  32) 

Here  lies  the  practical  measurement  difficulty  since  the  nuclear  magnetic 
moments  may  be  <10“s  gauss.  First,  to  maintain  the  magnetic  field  to  the  desired  degrees 
of  stability  and  uniformity  over  the  sample  may  require  special  shielding  arrangements 
and  close  loop  servo  controls.  However,  by  observing  two  magnetic  resonances  simultane¬ 
ously  instead  of  one  In  the  same  magnetic  field,  the  effect  of  field  fluctuations  can 
be  minimized. 

Second,  the  magnetic  moment  characteristic  y  originates  from  a  conglomerate  of 
"polarized"  single  particles;  It  has  a  stochastic  part  and  Is  sensitive  to  field 
gradient  and  other  environmental  Influences.  The  choice  of  the  particles  13  of  prime 
Importance  for  the  composition  and  lifetime  of  the  magnetic  moment  vector  and  thereby, 
for  the  output  signal  to  noise  ratio,  the  sensitivity  and  scale  factor  of  the  device. 

Several  designs  of  tiMRG  are  currently  being  investigated.  They  all  employ 
optical  pumping  to  create  orientation  of  the  particle  spins.  This  has  proven  to  be  a 
convenient  approach;  however,  it  should  not  exclude  other  approaches  like  electromagne¬ 
tic  pumping  of  liquids. 

COfiCLUDIN’O  REMARK 


To  the  final  question,  why  considering  these  optical  gyros  at  all,  when  very  good 
mechanical  ones  had  been  perfected  at  expense,  one  may  say  that  the  use  of  any  unconven¬ 
tional  gyro  In  a  guidance  system  should  not  be  thought  of  as  simple  replacement  of  a 
conventional  one.  In  order  to  fully  realise  all  the  unique  advantages  of  a  new  device, 
the  system  application  should  be  studied  and  worked  through  In  terms  of  all  aspects  of 
Input  and  output  characteristics  of  the  new  device.  How  much  from  RID  equipment 
finally  finds  entry  into  production  eannot  be  predicted  exactly,  however,  is  proportional 
to  the  perceived  and  demonstrated  innovative  and  east  saving  value,  the  demonstration  of 
which  is  not  without  risks  and  may  take  a  long  time.  The  optieal  gyros  have  a  good  head- 
start. 


i»3:  Horuia  A  05TGAASD  astd  Staff  •>'>©*  competitive  care  of  the  exigent  changes  with 
the  figure*  and  the  final  reproduction  of  the  article. 


FIOUHt  1.  A  strapdavrs  smrkef  prediction  shovs  Increased  opportunity  for  aptleal 
relation  sensors  (ORS)  In  cestparlsen  t«  tuned  rotor  eyres  (TROj  end 
glialfalled  Inertial  systess.  Considering  the  requirement  for  various 
applications,  the  QR3  Is  likely  to  he  cost  effective  for  a  vide  range 
of  accuracies,  vith  the  SlO-systens  for  the  higher  accuracies  and  the 
XKS's  for  the  lover  ones.  Cevelopnent  is  hovever,  only  in  the  early 
stages.  (IIS,  ♦?*) 
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A.  USSR  3VS3  a.  LASS?.  -3TH0  BLOCK  SI  ASSAM 


FIOUSS  2.  A  standard  rlngliiser  configuration  and  the  required  electronic  control, 
drSv#,  ir.d  readout  circuit  Mocks  are  ahev-  (I,  |43) 


TWO  Until)  DRIFT  FROM  TURK-ON 


FIGURE  3*  Examples  of  typically  achiever'  practical  accuracies,  with  the  influence 
of  the  choice  of  quantization  are  given.  (Ref  I,  #43) 
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The  SAGNAC  family  of  laser  gyros 


FIGURE  *1.  The  standard  ringlarer  in  only  ~ne  branch  of  presently  considered  laser 
gyroa  based  on  the  "Sagnae  effect,”  with  the  "passive  rlnglaser  gyro" 
and  tho  "Sagnae  interferometer  gyros"  competing.  With  no  claim  to  newer 
claUiro,  tho  difference  derives  from  the  Sagnae  phase  measurement  versus 
frequency  measurement  (ref:  x,  #41) 
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FIGURE  7.  The  measurements  which  the  Sagnac  effect  then  allows  are  rotation  rate 
expressed  either  by  a  phase  or  fringe  shift,  or  by  a  difference  between 
two  resonance  frequencies.  The  relative  shifts  are  equal  under 
stationary  conditions.  For  high  resolution  and  digital  readout 
frequency  output  is  desiruble.  (Ref  Appendix  A,  Figs  1  and  2) 
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A  ,  A$  FROM  STATIONARY  FRINGE  PATTERN 
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Af  FROM  MOVING  FRINGE  PATTERN 

FIGURE  8.  Example  showing  that  frequency  measurement  allows  easily  detection  of 
a  fraction  of  earth  rate,  while  fringe  shift  measurement  allows  only  a 
multiplo  of  it  (without  advanced  techniques  discussed  later). 

DESIRABILITY  OF  Af  MEASUREMENTS 

EXAMPLE: 

L  ■  liOO  cm  *  *  1.153  vm 
Af  (t/sl  »  6.275  •  1 05  -  n  (rad/soc' 

AS  »  ?.$8  •  10“^  i:  (rad/sec) 


*> 

n  «  1G  '  bj,.  «■  ?.'i  •  10  (rad/eec)  gives 


A f  •  0.5  H*  while 
u  •  10*^  i!..  renders  only 


a*  ■  7,  •  10->  at  limit  of  readability 


FIGURE  9.  The  conventional  RLG  renders  a  difference  frequency  or  a  pulse  rate 
proportional  to  the  rotation  rate,  as  long  a3  the  gain  medium  inside 
the  ring  supports  two  regenerative  oppositely  directed  modes  of 
different  frequencies  along  paths  of  identical  properties.  At  low 
rotation  rates,  the  modes  do  not  separate,  they  "lock  in." 


10A  ERROR  SOURCES  10B  LOCK-IN  COMPENSATION 

TECHNIQUES 


Piguro  10.  Error  sources  of  practical  devices  and  compensation  of  the  lock-in 

phenomena  by  mechanical  or  magnetic  oscillatory  bias  rotation,  "dither," 
so  the  resulting  operating  characteristic  renders  detection  also  around 
zero  rate  input.  The  equation  for  the  phase  difference  between  the 
oscillation  nodes  shows  a  random  phase,  i.e.,  noise  with  non-zero  lock-in 
range  (  rq£  I,  and  Append!*  k,  Figs  7  and  8) 


If  °  ♦  °  fiin  -  «LSin  (i(i  +  8) 


+  Qn3in  Oi)^ 

IOC  LOCK-IN  COMPENSATION  10D  INPUT-OUTPUT  WITH  DITHER 

ROTATIONAL  DITHER 

FIGURE  10.  Error  sources  of  practical  devices  and  compensation  of  the  lock-in 

phenomena  by  mechanical  or  magnetic  oscillatory  bias  rotation,  "dither, 
so  the  resulting  operating  characteristic  renders  detection  also 
around  zero  rate  input.  The  equation  for  the  phase  difference  between 
the  oscillation  modes  shows  a  random  phase  i.e.  noise  with  non-zero 
lock-in  range. 
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FIGURE  11.  Examples  or  RL0  operating  bias  and  scale  factor  changes  through  thermal 
changes.  The  scale  Factor  deviations  eccur  near  the  peak  dither  rate. 
(Rof  III,  179) 


RLG 

BEAT  FREQUENCY 
CHARACTERISTIC 


PIGURE  12.  Desonst mtlon  of  hov  even  under  square  wave  dithering  randoa  drift 
and  bias  drift  la  produced,  because  of  randoa  oscillator  starting 
phase  and  stochastic  behavior  of  the  operating  characteristic 
especially  close  to  the  lock-in  range,  (Ref  Z,  (36;  Appendix  A,  Pi?  6) 


FIGURE  14.  Median  value*  characterizing  the  availability  and  iwproveaenta  of  practical 
RI/Gs  based  on  coapany  and  test  station  reports. 


Four- frequency  ring  laser  gyroscope  resonator.  The  "Faraday"  rotator 
may  comprise  a  Faraday  cell  or  may  be  incorporated  into  another  element 
e.g.,  a  magnetic  mirror  or  a  magnetic  field  on  the  discharge. 


Loser  <tscf«rge  tuCe 


tVfCW  of  Trot«> 

CW  CC*  CCW  CW 


Rec-grccd 
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"S, 

- 

/•V 

/ 

1/  \ 

/ 

\ 

<2  'l 

s 

— J 

LCP 

RCP 

Lasing  modes  of  a  four-frequency  ring  laser  gyroscope.  The  composite  gain 
curve  (solid  line)  is  a  sum  of  the  (dashed)  single-isotope  gain  curves. 

The  Faraday  splitting  f2“fl  =  f3~f4  is  shown  greatly  exaggerated  for 
clarity. 


FIGURE  15.  Principle  of  the  four  frequency  multioscillator  or  differential  laser  gyro 
(DILAG)  to  avoid  dithering. 


fnjjjMafHaMilia 
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*  KG  +  Bias 
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\T 
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FIGURE  16.  Pour  oscillation  wod«a.  ere  biased  stationary  and  differentially  by  a 
reciprocal  polarisation  rotator  (OA)  (typically  quarts  cut  norssal  to 
its  c-axis)  and  a  non-reciprocal  polarisation  rotator  (Faraday  cell)  (F) 
Operating  roro  is  at  the  cross-over  of  the  characteristics;  sensitivity 
to  rotation  is  doubled. 
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rr,'  i-  •-«-'■ « — V." 


VQ  s  1014  Hz 
OA  '  400  MHz 
P  3  1  MHz 
KH  a  t  100  KHz 


FIGURE  17.  The  mode  split  'ring  produced  by  the  elements  in  the  ring  results  in  two  gyros 
of  left  and  right  circularly  polarized  waves  which,  in  turn,  have  clockwise 
and  counterclockwise  traveling  parts  split  by  the  Faraday  cell.  At  ccw 
rotational  input,  the  frequencies  of  the  ccw  waves  shift  down,  the  others 
up.  The  condition  for  obtaining  the  necessary  non-reciprocal  bias  is 
stringent  stationary  path  symmetry.  Ref  I,  39,  40,  44  and  Appendix  A,  Figure 
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Optical  setup  of  the  ring  interferometer  for  the  analysis. 
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3 


Differential  detection  scheme  with  balanced  inputs  to 
eliminate  coseaon-a&de  noises  adaptable  to  the  optical  setup. 


FIGURE  18.  optical  fiber  Sagnac  interferometer  system  with  analog  readout  via 

comp lemon tar y  fringe  patterns  and  intensity  comparison.  CR»£  IX,  #61,  #t>9) 
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Fiber  Optic  Rotation  Sensor  Block  Diagram 


FIGURE  19a 


PASSIVE  RING  RESONATOR  LASER  GYROSCOPE 


SERVO  DIFFERENCE  AMPLIFIER 


LASER  N  °  ^ 
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Schematic  Diagram  of  a  Passive  Ring  Laser  Gyroscope  Using  Acouato-Optic  Frequency  Shifters 
For  17  CM  SO  cavity,  i  MK  Laser 
Accuracy  ITT  *  .18*/Hr  for  1  Sec.  Integration  Tics® 

„  Optisuts  SB’  »  .04*/tir  for  1  Sec.  Integration  Time 


FIGURE  20.  Passive  ring  resonator  system,  tracking  change  ot  resonator  resonance  via 
servo- feedback  varying  one  optical  input  frequency  and  one  optical  path- 
length?  allotting  frequency  readout.  (Ref 
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ACTIVE  RE-ENTRANT  SAGNAC  (GYRO) 

-  N-Loop  optical  pulse  system  with  an  external 
oscillator 


-  Internal  bidirectional  amplifier 


Number  of 
Transits 
of  N-Turn 
Loop 

Mode 

Loop  Transit 
Time  for  Opt 
S/N 

Integration 

Time 

Type 


Usual  Sagnac 
Fiber  Gyro 


cw 


Pulsed 


T~25ys 


t-25us 


Mt 


Rate  Gyro  Integrating 
Rate  Gyro 


Air  Schematic 


FIGURE  21.  ACTIVE  RE-ENTRANT  SAGNAC  SYSTEM  USING  OPTICAL  PULSES  WITH  MULTIPLE  TRANSI¬ 
TIONS  THROUGH  MULTITURN  LOOP,  RENDERING  FREQUENCY  READOUT  LIKE  RLG.  (Ref  II,  #68) 


FIGURE  23. 


Example  of  possible  performance  of  the  ARS  gyro  for  different  radii  of  the 
fiber  coil.  Intrinsic  benefit  of  tho  Sagnac  effect  through  large  loops  can 
be  realized  optimally.  (Ref  II,  #68) 


FEATURES 


1 .  Active  hoop 


Long  Integration  Tine 

2.  Non-Oscillating  Loop 

No  Loch in 

3.  Absolute  Scale  Factor 

Digital 

4.  Ideally  Suited  to  Optical  Fiber  Properties 

FIGURE  24.  3a«ie  features  of  the  ARS  development.  Essentially  a  rate  integrating 
system,  succeeding  in  removal  of  path  instabilities  and  environmental 
sensitivities,  with  a  challenging  Integrated  optics  bidirectional  amplifier 
project.  (Ref  II  •  Hfi) 
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FIGURE  25-  ilov  the  categories  of  Sagnac  systems  are  realised  and  what  their  output  ar.d 
determining  influence  parameter  is. 


*RLG*  OUTLOOK 

Stationary  Bias  1 

Shorter  Wavelengths  -  X-Ray 
Solid  State  -  10/Fiber 

North  Sensing  Application 
Accelerometer  Application 

Applications  Related  to  Extreme 
Polarisation  Chargee) 

Sensitivity  to  Nonrcciprocltivity  (an.  Mode, 

Spectroscopy 

Strainmeter  A.O, 

Magnetometer 

Geophysics 

Modulator 

Flow  Velocity  Meter 

Physics  Experiments 

FIGURE  26.  Trends  and  possibilities  for  application  and  extension  of  the  Sagnac  systesu 
{Ref  I,  *15 
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Perforjiancc  {threshold  sensitivity  in  decrees  per  tour!  median  values 
over  time  an4  trend  estimation. 
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RESEARCH 

TOPICS 

o  Rotational  Accelerometer 
o  RLG  North  Sensing  and  Seeking  System 
o  All  Solid  State  Inertial  Navigation  System 
o  Application  of  Shorter  Wavelength  Sources 

o  Utilization  of  Effects 

Related  to: 

-  Refractive  Index  Changes 

-  Medium  Flow 

FIGURE  28.  Recommended  long  range  R&D  topics, 
available  equipment  experience. 

based  on  present  research  trends  and 

ACTIVITIES 

RLG 

SAGNAC 

Autcnetics 

Jet  Propulsion  Lab 

Honeywell 

Lear  Siegler 

Hamilton  Standard 

Martin  Marietta 

Kearfott 

MIT 

Lear  Siegler 

Northrop 

Litton 

Rockwell 

Nortrcnics 

Siemens 

Raytheon 

Stanford  University 

Sperry 

Univ.  of  Utah 

C . S .  Draper  Lab 

Texas  Instruments 

SFENA 

Thomson  C.S.F. 

SFIM 

MSB 

Ferranti 

FIGURE  29. 


Companies  and  institu*  ons  known  through  publications  to  be  involved  in  RLG 
and  passive  Sagnac  system  research  or  development  activities. 


NMR  GYRO 
Gyro-Input  Axis 


Magnetic  Field  Hn  Rotates  Around  Gyro  Input  Axis 

Frequency  of  Rotation-Nuclear  Precession  Frequency  -  Is  Constant  in  Inertial 
Space 

Inertial  Rotation  Rate  Measurement  Only  about  Input  Axis 

Measured  Frequency  is  Precession  Frequency  Shifted  Higher  or  Lover  by  Amount 
Equal  to  Gyro  Rotation  Rate 


FIGURE  30.  Principle  of  the  Nuclear  Magnetic  Rosonanco  (NMR)  gyro  or  Magnetic  Resonance 
Gyro  (MRG) . 
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MAGNETIZATION  H 


n 


Magnetic  Field  HR  is  Composed  of  Nuclear  Magnetic  Moment  of  Gas  Atoms 

Created  by  Magnetic  and  Optical  Alignment.  Its  Motion  is 
Determined  by  Coherent  Precession  about  an  Applied  Magnetic  Field  H, 

Sustained  by  Application  of  Tuned  Periodic  Magnetic  Fields  in  X-  (and 
Other)  Direction  and  is 

Detected  via  Faraday  Effect  on  the  Polarization  of  a  Light  Beam. 

2  Z  Z 

*  * 


It  is 


( 

V. 


s 


t 

I  Light 


Alignment  of  Magnetic 
Moments 


H  =  Hl8^'wnt  Sustain 
NMR  Oscillations 


Light 

I  ~Y 

Detection  of  Precession 

Moments 


FI GORE  31*  How  the  nuclear  magnetic  field  precession  vector  is  established  by  optical 
pumping  and  driving  magnetic  field. 


MRG  -  BASICS 


dM 

dt 

8_ 


=>  T 

-*■ 

■  TN 

+ 

H(.  x  H 


Rotation  of  8. 


d  3n 

sr 


d  H. 


Steady  State  Solution  t  ■  vjJ  «  w 

at  n 

If  8  Rotation  of  Frame  in  5n  Direction 
Measured  ('recession  Rate  w  ■  tH  *•  Q 


M  Angular  Momentum 
T  Torque 

y  Gyromagnetic  Ratio  = 

«  HHIietic  _  Moment 
Angular 

H  Nuclear  Magnetic  Field  of 
n  Collection  of  Magnetic  Dipoles 


Precession  Rate  about  11 


FIGURE  32.  Basic  relation  defining  the  Larwor  precession  in  relation  to  the  input 
rotational  rate. 


MRG  FEATURES 

‘Vo  Gases  in  One  Cell!  High  Accuracy  Rato  Measurement, 

Precise  Magnetic  Field  Control, 

Will,  Temperature,  Composition  Control 

Alignment  of  Nuclear  Moments  by  Optical  Pumping  ofj 

Working  Gases  Directly  or 

Indirectly  by  Spin  Exchange  from  Optically 

Pumped  Alkali  Metal  Vapor 

Detection  of  Laroor  Frequencies  via  Optical  Modulation  Directly  or  Indirectly  via 
Exchange  to  Metal  Vapor 

Shielding  from  Ambient  Magnetic  Field 


FIGURE  33.  Features  of  MRG  realizations. 
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Two  Species  Implementation  (A,  B) 
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Y  o 

(1  -  n1) 


(WA  -  WB) 
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FIGURE  34.  Explanation  of  the  duel  particle  usage. 


OPTICALLY  PUMPED  MRG 


T  Gyro  Output 

C  Aosorptlon  Cell 

A  aelaholt*  Coils  for  II  Field 

G  Broadband  Phase  Stable  Amplifier 

P  Photocell  NKR  C< 

AC  AC  Field  Coils 

L  Lamps  for  Readout  and  Pumping 

CP  Circular  Polarizers  (1/4  Plate  and  Linear  Polar iter) 


Magnetic 

Shield 


NKR  Controlled  Oscillator 
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FIGURE  35.  A  typical  MRG  realization  example. 


MRG  -  ERROR 


Measured  Magnetic  Resonance  Frequencies  of  a  Two  Particle  System 
WA  -  YaH  -  0 

WB  =  YBH  -  n 

Assume  the  Gyromagnetic  Ratios  ya/  Yb  Are  Accurately  Known,  Then 

o  »  WAyB  -  Va 
YA  "  YB 

The  Error  60  in  Measurement  of  6W  in  the  Measurement  of  Resonance  Line 

of  Width  AW  is  6W  A  and  if  AW  *  with  T  the  Respective  Relaxation 

2  fY* 3 4  S"a)2  +  fYA  6wb)2 
Time,  Then  One  Obtains  from  (50)  -  - 5 - 

(ya  “  yb} 


(60) 


2  ,rA-YB.2 


-2 


-2 


)  (IyaTa  {§>  ]  +  [Y„Tn  (2)  ]  ) 


A-’B 


B  B  lN' 


Minimum  Statistical  Error  Requires:  1.  ya,  yb  as  Different  as  Possible 


2.  Relaxation  Times  T. ,  T  as  Long  as 
Possible 

3.  Signal  to  Noise  Ratios  as  High  as 
Possible 


FIGURE  36.  Theoretical  measurement  error  of  a  two  particle  MRG  and  design  recommendations . 


PRACTICAL  LIMITS  ON  SENSITIVITY  OF  MRG 

1.  Light  Shifts  in  Resonance  Frequencies  (Correction  Term  Dependent  on 
Light  Intensity) 

2.  Phase  Shifts  in  Electronic  Servo  Loops 

3.  Light  PF  Circuit  Interaction  (Shift  Influenced  by  RF  Power  Levol) 

4.  Shot  Noise  by  Light  Sensing 

5.  Limits  on  Participating  Nuclei  (1G*2  Hg,  1017  noble  gas) 


<6Q> 


r-t* 

tT37H 

x>o 


Noise  and  Drift 

T  Effective  Nuclear  Spin  Relaxation  Time 

r  Measurement  Bandwidth 

S/N  Signal  to  Noise  Ratio  in  Readout 


FIGURE  37.  Errors  observed  in  practical  devices  and  related  research  indicate  existing 
sensitivity  limiting  influences.  The  practical  limit  contains  drift  term 
and  is  larger  than  error  shown  in  Fig.  36. 
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NMR-MRG-DEVELOPMENT  TRENDS 


Mercury  Noble  Gases 

Direct  Pumping  and  Readout  Indirect  Pumping  and  Readout 

Collisional  Spin  - 


Helium-Systema 
Direct  Pumping 
Indirect  Readout 


-  Exchange 

Two  Particle  System  at  Room  Temperature  (or  Above) 

A.C.  Field  NMR  Oscillators 

Combine  Two  Cells  with  Equal  Materials  in  Opposite  Magnetic  Fields 
Four  Cells  for  Three-Axis  Inertial  Measurement 


Exception: 

Low  Temperature  System  Employing  He3, 

Ambient  Magnetic  Field  Dilution, 

Pulse  Type  Precession  Initiation  (Varian-Packard) , 
Magnetic  Superconductive  Readout  Method  (Squid) . 


FIGURE  38.  Presently  known  MRG  system  characteristics.  (Ref  V) 


ORDER  OF  MAGNITUDE  COMPARISON  OF  ROOM  TEMPERATURE  MRGs 


System 

I 

II 

lit 


Spin 

A  B 

199  Hg  201  Hg 

Noble  Gas  Isotopes 


T  (Sec)  y  (KHz/GAUSS) 
A  B  A  B 

1  1/2 

1  1 


102  102 


103  103 


He 

dV 
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(23S1) 


10 


1  10J 
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With  6(1  o  ((-—?—)  AW.)  +  ( 
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)  (AW8)  ) 


And  AW  (Hz)  *  |  (—5)  One  Has  for  System  III 
-8  -6  1/2  -3 

in  *  (io  v  +  10  b]  «  10  3  Hz 


60  (Hz) 


9  •  10 

F  •  10 
F  >  1 

1  •  10 


-3 

-3 


FIGURE  39.  Theoretical  comparison  of  known  systems  using  order  of  magnitude  values  of 
physical  parameters,  showing  the  difficulty  of  particle  choice  and  reaching 
the  earth  rate  measurement  sensitivity.  Using  high  S/N  and  actual  parameters 
improves  the  error  value. 
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FIGURE  41.  Schematic  of  cryogenic  nuclear  gryoscope,  using  lle^  Larmor  presossion  about 
minimum  stationary  magnetic  field  in  super conduct it's  magnetic  shield,  vith 
superconductive  magnetometer  readout  of  precession  motion.  Since  magnetic 
field  stability  provided  by  shield,  only  one  spin  species  necessary.  Nuclear 
relaxation  times  (iie^  in  He*  mixture)  in  t!ie  order  of  deyr  or  longer, 

{Ref  V,  #89) 
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MRG  POTENTIAL  ADVANTAGES 

No  Critical  Mechanical  Dimensions 

No  Moving  Mechanical  Parts 

Strapdown  Conducive 

High  G-Capability 

High  Reliability 

Low  Cost 

PROBLEM  AREAS 

Drift 

(Increase  of  Relaxation  Times  Dependent  on  Cell 

Noise 

+  Geometry  and  Particle  Environment.  Reduction  of 

Shielding 

Light  Induced  Frequency  Shift.) 

Theory  Development 

Cross  Axis 

Interactions 

System  Use 

FIGURE  42.  Suggested  MRG  potential  advantages  and  work  for  improvement  of  present 
experimental  models. 


HISTORIC  NOTE 

RLG 

1962/63 

Rosenthal, 

Aronowitz 

Maceck,  Davis 

1958  Greenwood,  Bailey,  Simpson 

1970 

0. 1°/Hr 

10°/Hr 

1978 

0.01o/Hr 

1“/Hr 

1982 

O.OOlVHr 

0. 1”/Hr 

(Order  of  Magnitude 

Expected  Thresholds 

for  100  sec  Samples) 

FIGURE  43.  Indicates  different  development  history  and  status  of  RLGs  and  MRGs. 


RLG/HRG  -  COMPARISON 

OF  PROBLEMS, 

STATUS,  POTENTIAL 

RLG 

MRG 

Both 

Optical  and  Mechanical  Precision 

Simpler 

No  Hoving  Mechanical  Parts 

Mirror  Cost 

No  Critical 
Dimension 

Strapdown  Conducive 

High  G-Resistant 

Status:  Research 

Development 

Production 

Research 

Exploratory 

Development 

High  Reliability 

Lower  Cost 

Integrated  Rate  Output 

Instantaneous  Readiness 

Warmup 

Miniaturisation  Possibility 

Long  Life  (Shelf  and  Operating) 
Adaptive  to  Geometry 

Realignment 

Digital  Output 

Miniature  (Low  Sensitivity) 

Large  (Highest  Sonsitivity) 

Needs:  Noise  4  Drift  Reduction 
Higher  S/N 

Short  Sample  Digital 

Readout 

Application  sroadening 

PIGUftS  44.  Differ*"'^:;  and  similarities  of  R LOa  (potentially  general  *Saghac  systems'.' 
and  MRGs . 
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EFROR  FROM  DIFFERENCES  .IN  PATHLENQTH  AND  REFRACTIVE  INDEX 


IF  L+  =  L  +  6  n+  =  n  +  e 

L_  =  L  -  6  n_  =  n  -  e 

WHERE  6,  n,  E  may  BE  FUNCTION  OF  > 

ONE  OBTAINS 

At  =M^(n+JL  (£  +  {;)) 

«o 

WITH  e  =  10-14  .2  6=0  n  =  1.5  R  =  5.6  cm 

NULLSH1FT  Qq  =  5  X  10-5  RAD/SEC  =  10°/'HR. 

Figure  k.  Example  of  measurement  error  shift  related  to  optical  path  nonreciprocities 
caused  by  refractive  index  and  mode  deviations. 


Figure  6.  Explanation  of  active  vs.  passive  system.  The  wave  field  vectors  are  set 
in  motion  by  the  feedback  in  the  regenerative  (laser  in  ring)  case.  The 
fringe  motion  is  proportional  to  rate  Input. 


LASER  IN  RING 


IN  STEADY  STATE 
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m  <  A  ■  L  ■  NP 

r  c  l 

L  ■  m  •  -  .  y 

6L  =  L(~  -  $£) 


m  INTEGER 


SINCE  m  -  0  (MODE  ADJACENT  TO  MAIN  MODE  HAVE  INSUFFICIENT  GAIN) 


6L  _  if 


INDEPENDENT  OF  n  AND  N  (NP  «  N  OTHERWISE  6m  jt  0) 


L  f 
WITH  -  if  =  if  ONE  HAS 


f  a  §  *  H  •  n  =  I0  •  n 


D  DIAMETER  OF  RING 


AF(HZ)  =  .  ~  (rad/sec)  =  1.2  x  10-5  A_  n(o/hr).  x  VACUUM  WAVELENGTH 

r  An  V  t-.vnrmT-.  iirttMi 


AF  INTEGRATED  A  (COUNTS)  =  D_  .  e  (rad) 


OF  EXCITED  MODE 


A  =  0.63  m  irD  =  3^cm  A  «*  1  COUNT  6  =  1.2  ARCSEC 

FOR  360°  =  9  A  =  106  COUNTS 


Figure  7.  Relations  for  the  frequency  or  count  output  In  the  active  case. 
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NOISE  LIMITS  FOR  FREQUENCY  SEPARATION 
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Figure  9*  Shot  noise  limit  for  frequency  separation  (RLG  without  dither). 
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Figure  10.  Symmetry  requirements  for  four  mode  laser  gyro  and  desirable  operational 
condl cions . 

SCULLY/SAND3HS  -  OPTICAL  DITHER  METHOD 
POPULATION 


Figure  11*.  ^  ^ 


Figure  11.  Suggested  "optical  dither"  method.  By  using  unsymmetric  mode  location, 
side  modes  above  threshold  gain  act  to  produce  oscillatory  bias.  (1,  ^5) 
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SUMMARY 

A  Nuclear  Magnetic  Resonance  (NMR)  Gyro  is  an  inertial  angle  sensor  in  which  the 
inertial  properties  are  derived  from  an  intrinsic  angular  momentum  and  magnetic  moment 
associated  with  the  nuclei  of  certain  atomic  isotopes.  Such  magnetic  moments  process  in 
a  magnetic  field.  A  measurement  of  the  shift  in  precession  phase  angle  is  used  to  obtain 
the  gyro  rotation  information.  The  general  requirements  for  NMR  gyro  operation  include 
the  existence  of  a  measurable  magnetic  moment,  the  ability  to  make  a  continuous  high  pre¬ 
cision  measurement  of  the  precession  phase  of  such  moments,  and  a  means  of  distinguishing 
between  rotation  effects  and  magnetic  field  effects.  An  approach  which  satisfies  these 
requirements  utilizes  two  isotopes  of  the  noble  gases  as  the  inertial  sensors  and  uses  an 
optically  pumped  rubidium  magnetometer  as  the  readout  mechanism.  A  breadboard  NMR  gyro 
utilizing  this  approach  has  been  tested  and  is  characterized  by  a  high  signal-to-noise 
ratio  and  a  low  random  bias  drift. 

I.  INTRODUCTION 

A  Nuclear  Magnetic  Resonance  (NMR)  Gyro  is  an  inertial  angle  sensor  in  which  the 
inertial  properties  are  derived  from  an  intrinsic  angular  momentum  (spin)  associated  with 
the  nuclei  of  certain  atomic  isotopes.  Interest  in  development  of  an  NMR  gyro  comes  from 
its  potential  to  have  a  strapdown  gyro  sensor  with  cost,  size,  performance  and  reliabil¬ 
ity  advantages  over  ring  laser  or  conventional  gyros.  Cost  advantages  stem  from  the  lack 
of  critical  materials  or  tolerances  needed  for  fabrication.  The  NMR  gyro  is  expected  to 
be  smaller  than  a  ring  laser  gyro  (RLG)  for  comparable  performance  and  has  no  fundamental 
connection  between  size  and  angular  resolution.  Performance  potential  is  to  0.01  deg/hr 
or  better  bias  drift  and,  in  addition,  the  NMR  gyro  can  accommodate  large  input  rates 
and  angle  ranges,  should  not  be  influenced  by  high  acceleration,  and  should  create  no 
reaction  torques.  Aside  from  the  natural  motion  of  the  atoms  there  are  no  moving  parts. 

We  shall  discuss  the  general  requirements  for  NMR  gyro  operation  and  shall  describe 
an  approach  to  an  NMR  gyro  which  utilizes  isotopes  of  the  noble  gases  as  the  inertial 
sensors  and  uses  an  optically  pumped  rubidium  magnetometer  as  the  readout  mechanism. 

II.  GENERAL  REQUIREMENTS  FOR  AN  NMR  GYRO 

All  atoms  or  atomic  nuclei  which  have  a  spin  angular  momentum  also  have  the  pro¬ 
perty  of  a  magnetic  moment  directed  parallel  (or  anti-parallel)  to  the  spin  direction. 

It  is  well  known  (Reference  1)  that  such  a  moment  will  process  about  the  direction  of  an 
applied  magnetic  field,  H,  at  the  Larmor  frequency  which  is  given  by 


-  YH 


(1) 


where  y  is  the  ratio  of  the  magnetic  moment  to  the  angular  momentum  and  is  called  the 
gyromagnetic  ratio.  If  the  measurement  coordinate  system  (gyro  case)  is  itself  rotating 
with  an  angular  frequency  ur  about  the  direction  of  the  magnetic  field,  then  the  mea¬ 
sured  Larmor  frequency  in  the  rotating  frame  will  be 
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It  is  the  measurement  of  this  shift  in  observed  precession  frequency  which  is  fun¬ 
damental  to  the  NMR  gyroscope.  If  we  integrate  equation  (2)  over  time  wo  obtain 


0  .  Y?St  -  0„  (3) 

to  9 

where  9S  is_the  treasured  phase  angle  of  the  processing  nuclear  moment  with  respect  to  the 
gyro  case,  is  the  average  value  of  the  magnetic  field  over  the  timo  interval,  t,  and 
Og  is  the  gyro  rotation  angle.  For  a  practical  gyro  able  to  resolvo  small  vehicle  rota¬ 
tion  angles,  0#  must  be  measurable  to  high  precision. 

There  are  several  general  requirement;  to  be  satisfied  in  order  to  achieve  a  prac¬ 
tical  gyro.  First,  there  must  be  a  measurable  magnotic  moment.  Second,  it  must  be  pro¬ 
cessing  and  have  a  well  defined  frequency.  Third,  there  must  be  a  means  of  detecting 
this  processing  moment  without  the  measurement  contributing  significant  error.  Fourth, 
the  measurement  must  be  continuous  in  time.  Fifth,  by  refersnee  to  equation  (3),  there 
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must  be  a  way  of  distinguishing  between  magnetic  field  effects  and  rotation  effects  on 
the  measured  magnetic  moment  phase  angle. 

A  sample  containing  nuclear  moments  has  an  almost  random  distribution  of  these 
moments  in  equilibrium.  In  order  to  achieve  a  measureable  moment  fhe  individual  moments 
in  the  sample  must  be  preferentially  oriented  in  one  direction  to  create  a  macroscopic 
(vector  sum)  moment  which  can  be  detected  with  a  large  signal-to-noise  (S/N)  ratio. 
Optical  pumping  techniques  (Reference  2)  are  usually  employed  to  create  such  an 
orientation. 

A  macroscopic  nuclear  moment  which  has  been  oriented  by  optical  pumping  techniques 
will  be  directed  parallel  to  the  applied  magnetic  field/  H.  In  order  for  it  to  process 
it  must  have  a  component  orthogonal  to  H.  This  can  be  accomplished  by  applying  a  small 
AC  magnetic  field  with  a  frequency  of  the  Larmor  precession  in  a  direction  orthogonal  to 
the  field,  H.  This  resonant  field  then  acts  to  torque  the  net  moment  ani  creates  a  pro¬ 
cessing  component. 

The  precessing  moment  must  have  a  well  defined  frequency.  This  requires  that  the 
individual  moments  which  comprise  the  macroscopic  moment  must  all  have  essentially  the 
same  Larmor  frequency,  which  means  that  they  all  must  experience  on  the  average  the  same 
magnetic  field.  Thus  the  magnetic  field  must  be  homogeneous.  The  requirement  for  a  well 
defined  frequency  means  that  the  nuclear  moment  orientation  which  is  created  in  the 
optical  pimping  process  must  be  long  lived.  Processes  which  tend  to  destroy  this  orien¬ 
tation  are  called  relaxation  processes  and  the  characteristic  time  for  decay  of  the 
orientation  is  called  the  relaxation  time.  Therefore,  the  requirement  for  well  defined 
frequency  implies  that  relaxation  times  must  be  long.  A  long  relaxation  time  is  also 
needed  for  significant  nuclear  moment  orientation  to  occur  since  the  equilibrium  orien¬ 
tation  represents  a  balance  between  optical  pumping  rates  and  relaxation  rates. 

The  precessing  net  nuclear  moment  needs  to  be  detectable  so  that  its  phase  rela¬ 
tive  to  the  gyro  case  can  be  determined.  This  implies  a  process  capable  of  detecting 
the  precessing  moment  with  a  high  S/N.  This  measurement  process,  naturally,  must  not 
significantly  perturb  either  the  precession  frequency  or  the  relaxation  times. 

For  the  gyro  measurement  to  be  continuous  in  time,  both  the  nuclear  orientation 
processes  and  the  torquing  of  the  nuclear  moment  by  a  resonant  field  must  occur  simul¬ 
taneously  with  the  detection  process  and  also,  of  course,  must  not  significantly  perturb 
the  frequency  or  relaxation  times.  Thus  the  steady-state  operation  will  be  one  in  which 
the  processes  of  nuclear  moment  orientation,  nuclear  moment  torquing,  and  nuclear  moment 
decay  are  all  in  equilibrium. 

The  last  general  requirement  is  the  need  to  be  able  to  separate  magnetic  from 
rotational  effects.  This  is  most  easily  accomplished  by  utilizing  two  kinds  of  nuclear 
moments,  in  ether  words  by  using  a  mixture  of  two  isotopes,  each  with  a  nuclear  moment 
characterized  by  a  unique  gyromagnetic  ratio  (Reference  3).  Then,  letting  a  and  b 
designate  the  two  isotopes,  the  measured  phase  angles  are  equal  to 
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Where  it  is  assumed  that  both  isotopes  experience  the  same  average  magnetic 
field,  ff.  From  equation  (4)  we  can  obta.n 


g  ■  ^b^ma  ^b^a^raa  ^mb 

«  V"  Yj.  T  -  <Yb/Yal 


(S) 


which  is  independent  of  the  magnetic  field.  U ,  and 
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which  is  Independent  of  the  rotation  angle,  ©  ,  and  where  and  are  the  measured 
Larmor  precession  frequencies  of  the  two  isotopes.  Using  two  isotopes  naans  that  both 
must  be  capable  of  nuclear  moment  orientation  by  either  the  same  or  separate  optical 
pumping  techniques,  that  two  resonant  fields  must  bo  applied  to  torque  the  respective 
momenta  into  the  precession  plane  and  that  the  detection  process  must  be  able  to  detect 
both  and  9„v,  with  high  precision. 
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III.  AM  NMR  GYRO  USING  NOBLE  GASES 

An  approach  to  the  NMR  Gyro  has  been  implemented  and  tested  which  uses  the  noble 
gases  for  the  two  nuclear  isotopes.  Noble  gases  were  chosen  because  of  their  potential 
for  long  relaxation  times  and  thus  for  the  precise  determination  of  precession  phase 
angles. 

The  sample  cell  containing  the  noble  gases  also  contains  some  rubidium  vapor  which 
is  used  for  both  the  nuclear  moment  orientation  process  and  the  measurement  technique  for 
detecting  the  precessing  nuclear  moments.  The  Rb  is  optically  purged  by  light  from  a 
rubidium  discharge  lamp  and  the  net  angular  momentum  so  acquired  by  the  rubidium  in  the 
cell  is  transferred  to  both  noble  gas  isotopes  via  a  collisional  spin  exchange  process. 
(References  4  and  5) 

The  Rb  vapor  is  also  utilized  for  the  detection  of  the  precessing  nuclear  momenta. 
This  technique  is  an  adaption  (Reference  6)  of  a  rubidium  magnetometer  (Reference  7)  and 
senses  the  weak  magnetic  fields  associated  with  the  nuclear  moments.  It  operates  on  the 
principle  that  the  absorption  of  optical  pumping  light  by  rubidium  atoms  is  a  function  of 
the  direction  of  the  rubidium  magnetic  moment  relative  to  that  of  the  light  beam  and  that 
the  direction  of  the  rubidium  magnetic  moment  is  itself  a  function  of  the  magnetic  field. 
Thus  a  magnetic  field  modulated  at  the  two  nuclear  Larmor  frequencies  of  the  two  noble 
gases  can  cause  modulations  in  the  transmitted  optical  pumping  light  at  these  same 
frequencies . 

In  order  to  implement  this  magnetometer,  an  AC  magnetic  field  is  applied  parallel 
to  the  DC  field,  H.  The  frequency  of  this  AC  carrier  field  is  the  Larmor  frequency  of 
the  rubidium  in  the  field,  H.  The  light  transmitted  by  the  cell  becomes  modulated  at 
this  AC  frequency,  with  the  nuclear  Larmor  precession  frequencies  being  manifested  as 
sidebands. 

There  are  several  advantages  of  this  Rb  magnetometer  as  a  nuclear  moment  detector. 
The  optically  pumped  rubidium  is  already  present  in  the  cell  for  the  nuclear  moment 
orientation  process.  Both  the  nuclear  moment  orientation  and  detection  processes  are 
indirect,  that  is,  not  directly  involving  interactions  with  light.  This  allows  the 
inherently  long  relaxation  times  of  the  noble  gases  to  be  preserved.  The  magnetometer  is 
a  high  S/N  detector  of  the  precessing  nuclear  moments.  Much  of  this  is  due  to  a  strong 
collisional  enhancement  effect  (Reference  5)  which  results  in  the  Rb  moments  sensing  a 
noble  gas  nuclear  moment  magnetic  field  which  is,  in  effect,  orders  of  magnitude  larger 
than  would  be  expected  from  the  nuclear  moments  alone.  In  addition,  the  magnetometer, 
as  a  magnetic  field  detector,  can  sense  and  thus  control  the  ambient  magnetic  field  com¬ 
ponents  along  the  directions  orthogonal  to  the  applied  field,  H,  thus  preserving  the  axis 
stability  of  H  and  consequently  the  gyro. 

The  principles  of  operation  of  this  NMR  gyro  can  be  summarized  by  the  functional 
schematic  of  figure  1.  The  transmitted  light  is  incident  on  a  photodetector.  The 
resulting  signal  is  then  demodulated  to  remove  the  carrier  AC  signal,  leaving  the  Larmor 
sidebands.  These  sidebands  are  then  separated  te  provide  the  nuclear  precession  phases, 
the  Larmor  precession  fields  which  are  used  for  magnetic  moment  torquing,  and,  from 
equation  (6),  control  of  the  magnitude  of  the  applied  field  H.  A  breadboard  gyro  model 
incorporating  those  techniques  has  been  built  and  tested.  Figure  2  is  an  assembly  draw¬ 
ing  of  this  model.  In  this  model,  the  magnetic  field  axis  and  thus  the  gyro  input  axis 
is  vertical.  The  light  is  shown  passing  through  the  NMR  cell  at  a  45b  angle  to  the 
magnetic  field  in  order  to  provide  both  a  parallel  (for  pumping)  and  orthogonal  (for 
detection)  component  of  the  light  beam  with  respect  to  the  magnetic  field.  The  poten¬ 
tial  of  this  gyro  is  illustrated  by  the  data  shown  in  figure  3  which  shows  the  low  bias 
drifts  which  have  been  achieved  under  favorable  conditions  during  gyro  testing.  The 
data,  which  shows  the  apparent  gyro  angle  with  the  gyro  mounted  on  a  stationary  test 
stand,  is  for  an  8-hour  segment  with  the  average  bias  removed.  Bias  repeatability  for 
this  model  is  about  1  deg/hr,  limited  primarily  by  systematic  effects  related  to  tem¬ 
perature  and  light  intensity.  Kith  the  gyro  mounted  on  a  rate  table  and  rotated  about 
the  gyro  input  axis  (vertical),  the  scale  factor  was  measured  and  is  constant  to  within 
experimental  measurement  accuracy  (100  ppm)  for  all  measured  rates  (up  to  70  deg/sec) . 

A  S/N  of  greater  than  60  db  (1  Us  bandwidth!  has  been  achieved  from  both  nuclear  species 
and  relaxation  times  are  in  the  several  hundred  second  range.  This  demonstrates  the 
efficiency  of  the  nuclear  moment  orientation  and  nuclear  moment  detection  processes  as 
well  as  the  fact  that  these  processes  do  not  severely  limit  relaxation  times. 

In  summary,  we  have  demonstrated  an  approach  to  an  NMR  gyro  which  meets  the  general 
requirements  for  continuous,  precise  measurement  of  inertial  rotation  angle  and  which  has 
the  jjotential  for  development  into  a  practical  gyro.  The  present  research  and  develop¬ 
ment  program  is  concerned  mainly  with  obtaining  techniques  for  eliminating  the  systematic 
bias  drifts  and  with  developing  a  next  generation  gyro  with  significant  size  reduction 
and  improvement  in  performance. 


Pigure  1.  NKR  Gyro  Functional  Schematic 


Figure  2.  IMA  Br«*ec>oard  Gyro  Sensor  Assembly  Drawing 


13  MINUTE  SMOOTHING.  AVERAGE  BIAS  REMOVED) 

Figure  3.  Breadboard  Gyro  Output  Angle  Data 
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SUMMARY 


The  Hamilton  Standard  Superjet™  Sensor  Is  a  solid  state  fluidic  rate  sensor  replacing  conventional  in¬ 
ertia  wheel  gyroscopes  in  applications  where  high-shock  loading,  rapid  turn-on  and  long  storage  life  are 
important.  Applied  angular  rates  are  measured  by  means  of  the  Coriolis  acceleration  generated  deflection 
of  a  recirculated  gas  jet  flow.  This  gas  jet  flow  Is  used  to  differentially  cool  a  precision  temperature 
sensitive  wire  pair  located  downstream  in  the  jet  flow.  The  Instrument  contains  no  rotating  or  mating 
sliding  parts.  The  sensor  Is  a  small,  lightweight,  low-power  consumption  device  which  Is  capable  of 
extreme  over-ranging  without  degradation  of  performance  upon  recovery. 


Tli 

This  paper  presents  a  description  of  the  Superjet  Sensor  and  its  associated  supporting  electronics. 
Presented  herein  are  discussions  of  the  theory  of  operation,  design  implementation  and  test  results  sub¬ 
stantiating  the  performance  capability  of  the  unit.  Data  are  presented  which  demonstrate  capabilities 
of  C.3°/sec  null  offset  over  temperature,  0.02°/sec  resolution  and  1.0  percent  scale  factor  linearity  for 
rates  up  to  lS0°/sec. 


1.0  INTRODUCTION 

Initial  development  of  the  Superjet™  Solid  State  Fluidic  Rate  Ser.sor  as  a  promising  device  with  poten¬ 
tial  commercial  and  military  value  can  be  traced  to  work  performed  in  1966  by  Hercules  Incorporated  on 
an  experimental  angular  rate  sensor  for  use  in  sailplanes.  Improvements  implemented  by  Hercules  and  sub¬ 
sequently  by  Hamilton  Standard  following  the  execution  of  a  formal  licensing/manufacturing  agreement  in 
1972,  has  resulted  in  the  evolutionary  development  of  the  instrument  from  the  original  Hercules  fluidic 
angular  rate  sensor  concept  to  the  practical,  highly  producible  rate  sensor  package  currently  being 
supplied  by  Hamilton  Standard  for  the  U.S.  Army  Copperhead  Cannon  Launched  Guided  Projectile  program. 

The  principle  of  operation  of  the  Fluidic  Rate  Sensor  has  not  been  modified  since  its  inception  although 
numerous  design  changes  have  been  made  to  improve  the  design  and  establish  the  present  Hamilton  Standard 
Super  jet™  Sensor  Configuration. 

The  original  sensor  device  utilized  a  bidirectional  flowmeter  to  detect  jet  position  by  measuring  dynamic 
pressure  differences  between  two  adjacent  Pitot-static  tubes  placed  symmetrically  in  the  jet  flow  stream. 
The  laminar  fluid  jet  flow  was  generated  by  a  centrifugal  fan,  the  rotor  of  whieh  was  the  only  moving 
part  in  the  senscr.  In  the  next  generation  sensor  design,  the  Pitot  tubes  were  replaced  by  thermistor 
beads  which  afforded  an  improvement  in  rate  detection  and  response  time.  The  fan  powered  centrifugal 
punp  was  also  replaced  by  an  electromagnetic  speaker  which  provided  a  pulsating  air  supply  which,  in 
turn,  wis  rectified  to  a  smooth  airflow  within  the  sensor  prior  to  betng  directed  onto  the  thermistor 
sensing  elkxsentj.  The  third  generation  sensor  design  replaced  the  electromagnetic  speaker  with  a  lami¬ 
nated  piesoelcctric  disc  to  provide  the  pulsating  airflow.  This  served  to  increase  frequency  response 
and  improve  the  ability  to  detect  low  angular  rates.  A  fourth  generation  design  was  successful  in 
miniaturizing  the  sensor  and  further  increasing  frequency  response.  This  taler  characteristic  was 
achieved  by  replacing  the  thermistor  beads  with  themally  sensitive  resistance  wires  and  changing  the 
composition  of  the  recirculated  gas  used  to  generate  laminar  fluid  jet  flow. 

The  latter  basic  ccmf iguration  is  still  In  use  today,  however,  tiaallton  Standard  has  since  made  several 
improvements  to  the  internal  structure  of  the  Super  jet™  Sensor  to  minimize  fluid  turbulence,  hence  im¬ 
proving  the  laminar  flow  characteristics  of  the  instrument.  Kthufacturing/process  changes  have  also 
been  incorporated  to  ruggedize  the  sensor  affording  the  ability  to  withstand  severe  shock  without  per¬ 
formance  degradation.  A  unique  electronics  package  has  also  been  developed  by  Hamilton  Standard,  which 
when  used  in  conjunction  with  the  Superjet™  Sensor,  forms  a  functionally  complete  rate  sensor  package. 

2.0  THEORY  OF  OPERATION 

Hamilton  Standard's  Superjet™  Solid  Slate  Fluidic  Rate  Ser.sor  utilizes  Coriolis  acceleration  to  sense 
angular  rates  applied  to  the  instrswent.  Coriolis  acceleration  is  an  acceleration  geceraled  in  an 
angular  motion  environment  which  causes  a  mass  traveling  with  a  linear  velocity  to  be  deflected  frtw 
its  nominal  straight  line  path.  This  is  quickly  visualized  using,  as  an  example,  water  emanating  free* 
a  garden  hose.  As  the  hose  is  spun  about  an  axis  perpendicular  to  the  nozzle  flow  axis,  the  slreao  is 
caused  to  *be«4*  ii.e.,  a  fcrce  resulting  from  the  applied  angular  rate  notion  causes  the  jet  to  be 
deflected  from  its  nominal  **t  rest*  trajectory).  The  deflection  experienced  is  directly  proportional  to 
the  magnitude  of  the  applied  rate:  the  greater  the  applied  rate,  the  greater  the  deflection  experienced. 
Thus,  in  a  uwitrollfd  environment,  jet  deflection  at  any  genera!  downstream  position  in  the  jet  flow  nay 
be  used  as  a  direct  measure  of  the  applied  rate.  This  principle  has  been  utilized  in  the  mechanization 
of  the  Hamilton  Standard  solid  stale  fluidic  rate  sensor. 
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2.1  JET  DYNAMICS 

The  jfit  flow  In  the  Hamilton  Standard  Superjet™  Rate  Sensor  Is  a  gaseous  laminar  jet  stream  which  is 
highly  sensitive  to  Coriolis  acceleration.  As  schematically  shown  in  Figure  1,  the  jet  stream  moves 
at  «  constant  jet  velocity  Vj.  In  the  presence  of  an  angular  rate,  applied  along  the  input  axis  of 
the  sensor  case,  the  jet  stream  will  be  deflected  from  its  nominal  center  position. 

The  magnitude  and  sense  of  deflection  are  dependent  on  the  vector  characteristics  of  the  applied  angular 
rate.  Deflection  magnitude  is  readily  calculated  using  the  conventional  mathematical  expression  for 
Coriolis  acceleration.  Written  along  the  direction  of  deflection,  y,  the  equation  for  Coriolis  accel¬ 
eration  is 

y  -  2ta,»j 

Double  integration  provides  the  expression  for  deflection, 
y  =<oiVjT2 

Referring  to  Figure  1,  a  sensing  element  (i.e.,  wire  pair)  Is  inserted  into  the  flow  stream  at  a  distance, 
L,  from  the  jet  stream  source  (i.e.,  nozzle).  This  distance  can  be  expressed  as  the  product  of  the 
velocity  of  the  jet  (Vj)  and  the  time  (T)  required  for  a  particle  In  the  flow  to  travel  from  the  nozzle  to 
the  sensing  wire  pair.  Using  L  »  VjT,  the  expression  for  Coriolis  jet  stream  deflection  can  be  written  in 
three  forms. 

y*u>iVjT2  (1) 


y=w,LT  (2) 

y=u(L2  (3) 

Vj 


* 


£ 

x 


Examination  of  these  equations  shews  that  gas  deflection  is  directly  proportional  to  the  ragnilude  of  the 
input  angular  rate  applied  perpendicular  to  the  direction  of  jet  flow  (i.e.,  jet  axis).  Study  of  the  alter- 
rate  fores  of  the  equation  also  identifies  the  other  sensor  design  parameters  which  govern  Jet  deflection. 
Under  constant  jet  velocity  and  input  angular  rate  conditions,  jet  deflection  is  proportional  to  the  pro¬ 
duct  of  the  length  of  the  jet  and  jet  transport  tine  (Eq.  2).  Conversely,  equation  3  shows  that  for  a 
given  length  jet,  deflection  is  inversely  proportional  to  jet  velocity,  (i.e.,  the  greater  the  velocity,  the 
smaller  the  deflection). 


.n  order  to  aaintain  gas  jet  flow  stability  and  produce  a  low  noise  signal,  the  jet  flow  nwst  be  kept 
within  the  slresaline  laminar  flow  regime.  This  condition  is  achieved  by  limiting  the  jet  Reynolds 
* .  S  Ll*,p',r  nt*  nor*  readily  produced  with  a  gas  having  low  density  and  high  viscosity  since 

as  Ind  cated  above,  Reynolds  Xyaber  |s  directly  proportional  to  density  and  inversely  proportional  to  the 
viscosity  of  the  gas.  In  addition,  free*  the  standpoint  of  obtaining  txaxinun  frequency  response,  it  is 
desirable  to  set  the  gas  jet  velocity  as  high  as  possible  within  the  constraints  established  by  the  law- 
inar  flow  cr  ter <a;  Conversely,  as  seen  in  the  equations  the  lateral  deflection  is  inversely  proportional 
to  jet  velocity.  The  selected  design  flow  velocity,  thus,  represents  a  ccmproaise  between  frequency  re¬ 
sponse  and  instruwent  sensitivity.  3 
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2.2  RATE  MEASUREMENT 

The  mechanism  used  In  the  Superjet™  Sensor  to  detect  an  applied  angular  rate  utilizes  the  combined  ef¬ 
fects  of  the  jet  deflection  and  the  convective  cooling  caused  by  the  flow  of  the  gas  moving  over  a 
stationary  element.  Using  these  principles,  conversion  of  the  jet  deflection  Into  an  electrical  signal 
proportional  to  the  Input  rate  Is  accomplished  by  symmetrically  positioning  two  temperature  sensitive 
wire  resistors  on  either  side  of  the  nominal  center  of  the  jet  stream  at  a  selected  downstream  location. 
These  wires  are  electrically  connected  by  means  of  a  conventional  bridge  circuit.  As  the  jet  deflects 
to  one  side  or  the  other  of  the  undisturbed  center  position,  the  differential  cooling  of  the  temperature 
sensitive  resistors  produces  an  output  voltage  which  varies  linearly  with  input  rate.  Figure  1  Is  a  dla- 
gramsatlc  representation  of  this  Implementation. 

The  jet  deflection/bridge  wire  sensing  principle  is  Insensitive  to  linear  applied  motion  environments. 

A  constant  velocity  translation  of  the  sensor  in  any  direction  will  not  cause  the  jet  to  be  deflected 
relative  to  the  sensor  wire  set.  Translational  acceleration  does  not  introduce  a  first  order  error  since 
the  laminar  gas  flow  jet  Is,  in  effect,  buoyantly  supported  within  the  free  gas  space.  Acceleration  does 
produce  density  gradients,  however,  which  may  cause  second  order  errors.  These  are  an  order  of  magnitude 
smaller  than  comparable  errors  in  an  equivalent  mechanical  gyro. 

2.3  PUMP  OPERATION 

The  constant  velocity,  laminar  jet  flow  within  the  Superjet™  Sensor  Is  generated  by  means  of  a  vibrating 
pump  diaphragm  functioning  to  continuously  recirculate  the  gas  encapsulated  In  the  sensor  through  a  pre¬ 
cision  nozzle  block.  The  pump  diaphragn  is  a  ceramic  piezoelectric  crystal  mounted  around  the  periphery 
and  electrically  excited  on  its  primary  surfaces  (i.e.,  perpendicular  to  the  mounting  plane).  This 
element  is  the  only  "moving"  mechanical  part  in  the  Superjet™  Sensor  and  is  designed  for  Infinite  life. 

The  internal  flow  pattern  created  by  the  diaphragm  pump  action  Is  shown  In  Figure  2.  Upon  leaving  the 
pump  chamber  area,  the  increased  pressure  gas  is  forced  through  the  nozzle  block  orifice  into  a  radial 
accumulator  chamber.  Directed  by  longitudinal  plenum  chambers  the  gas  flows  to  the  far  end  of  the 
instrument  into  another  radial  accumulator  chamber.  After  traversing  the  length  of  the  instrument  and 
entering  an  inlet  manifold  area,  the  flow  direction  is  reversed  and  directed  tf.ro.  "  .  jet  r.c22le 
orifice.  The  flow  pattern  created  by  this  orifice  is  propagated  toward  the  pump  end  of  the  jet  via  an 
open  duct  located  In  the  center  of  the  instrument.  The  central  laminar  flow  jet  Is  then  directed  over 
the  sensing  wires  mounted  in  the  sensor  plug  assembly.  The  total  laminar  flow  is  then  passed  back  into 
the  pump  area  through  a  series  of  holes  located  in  the  base  of  the  sensing  plug  assembly  t.o  complete 
the  jet  flow  circulation  cycle. 


FIGURE  i  SUPERJET™  SENSOR-CROSS  SECTION  VIEW 


The  pusping  action  of  the  piezoelectric  diaphragpe  creating  the  jet  fiOw  notion  is  illustrated  in  Figure 
3,  The  installed  positions  of  th?  nozzle  block,  pu*p  Support  ring  and  anvil  create  a  thin  cylindrical 
working  volume  iswedlitely  aft  of  the  senso;  plug.  The  punp  diap-hraga  is  suspended  appro* irately 
in  the  center  of  this  voIup*.  Cn  the  initial  inlet  stroke  during  pussp  startup  (Ref.  Part  A,  figure  3). 
the  diaphragm  is  deflected  toward  the  nain  body  of  t.<e  instrument  (i.e.,  tewienj  the  nezz’'’  block).  This 
creates  a  lew  pressure  region  behind  the  diaphragm  (i.e.,  header  side)  and  gas  is  drawn  into  this  volume 
through  a  s»a!i  hoi®  in  the  diaphregx. 


On  the  first  compression  stroke,  (Part  8,  Figure  3),  the  diaphragm  Is  deflected  toward  the  header  end 

of  the  Instrument  causing  a  high  pressure  region  to  be  generated  behind  the  diaphragm.  The  qas  In  this 

vo.ume  Is  subsequently  expelled  through  the  single  hole  In  the  diaphragm  and  Into  the  primary  Instrument 
f.ow  path.  The  concentric  placement  of  the  diaphragm  hole  with  a  matching  hole  In  the  nozzle  block, 
coupled  with  the  velocity  profile  and  momentum  of  the  moving  gas  cause  the  bulk  of  the  gas  expelled  by 
the  pump  to  be  carried  through  the  nozzle  block  entrance  orifice  and  Into  the  primary  flow  feed  plenum. 

On  the  next  Intake  stroke  (Part  C,  Figure  3),  gas  Is  again  drawn  Into  the  rear  chamber  of  the  pump.  In 

this  Instance,  however,  due  to  1)  the  combined  effects  of  the  lower  flow  resistance  created  by  the 
larger  openings  In  the  sensor  plug,  as  conared  to  the  Inlet  plenum  feed  orifice,  2)  the  forward 
momentum  of  the  gas  moving  through  this  orifice  and  3)  the  viscous  shear  on  the  walls  of  the  orifice,  the 
gas  entering  the  pump  chamber  Is  drawn  primarily  from  the  region  around  the  sensor  pluq.  On  the  followina 
compression  stroke  (Part  0,  Figure  3),  the  newly  drawn  volume  of  gas  Is  expelled  through  the  pump  exit 
hole  and  Into  the  inlet  manifold.  This  process  Is  repeated  with  each  oscillatory  pump  cycle  creatine  a 
continually  recirculated  flow  of  gas  within  the  sensor. 


tm 

FIGURE  3  SUPERJET  PUMP  OPERATION 
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UPERJET™  SENSOR  CONSTRUCTION 

.TN 


The  Superjel  Solid  State  Angular  Rate  Sensor  concept  has  been  reduced  in  practice  to  a  simple  mechanical 
configuration  specifically  developed  for  ease  of  manufacture  (Ref.  Figure  2).  The  simplicity  of  the 

$t‘J9  of  w,y  ei9M  Pirts/asseablies,  is  further  illustrated  by  the  exploded  view 

Snovn  in  ? 1Qur$  4, 

Referring  to  Figure  4,  the  puap  assembly  consists  of  two  elects;  a  thin  piezoelectric  crystal  end  4 
*  tirtvfiSFerentUl  f'e*ible  mounting  ring.  The  crystal  element  itself  is  used  as  the  tuning 
element  in  an  equivalent  1C*  ny» p  dr<v>  analog  circuit  which  causes  the  puap  to  vibrate  at  its  natural9 


FIGURE  4  JWHER^ 
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A  circular  anvil  is  used  to  provide  the  reactive  structure  needed  to  support  the  pump  assembly  during 
operation.  The  anvil  is  seated  directly  against  the  support  rim  of  the  pump  assembly  crystal  support 
flexure.  The  thickness  of  the  anvil  is  designed  to  withstand  the  pressure  pulsations  which  occur  within 
the  pump  chamber  at  the  crystal/anvil  interface. 

A  belleville  spring  and  locknut  are  used  to  securely  position  the  pump/anvil  against  an  internal  flange 
in  the  nozzle  block. 

TM 

The  nozzle  block  is  the  largest  mechanical  element  in  the  Superjet  Sensor.  Us  two-fold  functions  are 
to  1}  channel  the  recirculated  gas  flow  path  within  the  Instrument  and  2)  provide  the  Internal  mechanical 
structure  to  posUion  the  sensor  plug  and  pump  assemblies  in  the  Instrument.  The  nozzle  block  is  basically 
cylindrical  in  shape.  The  outer  surface  of  the  piece  has  a  broad  annular  depression  which,  when  mated 
with  the  case  of  the  instrument,  forms  the  feed  manifold  which  receives  the  pressurized  gas  generated  by 
the  pump  assembly. 

A  nozzle  designed  to  promote  laminar  flow  is  formed  in  the  center  of  one  end  of  the  nozzle  block  The 
instrument  case  is  used  in  conjunction  with  the  nozzle  block  to  form  an  enclosed  flow  area.  The  installa¬ 
tion  clearance  between  the  end  of  the  nozzle  block  and  the  instrument  case  form  an  inlet  manifold  used 
to  divert  (i.e.,  reverse)  the  direction  of  the  oas  flow  into  the  jet  nozzle.  Both  the  feed  and  inlet 
manifolds  serve  as  “reservoirs*  which  are  designed  to  attenuate  the  pressure  pulsations  generated  by  the 
pump  providing  a  more  uniform  flow  over  the  instrument  sensing  wires. 

The  sensor  plug  assembly  is  seated  in  the  nozzle  block  irunediately  upstream  of  the  pump  assembly  and 
contains  the  sensing  elements  of  the  instrument.  The  sensor  plug  assembly  is  comprised  of  a  parallel 
pair  of  thin  temperature  sensitive  wire  filaments  mounted  to  vertical  posts.  The  posts  are  secured  to  the 
plug  assembly  by  means  of  feed  through  glass  insulators.  Electrical  contact  with  the  sensor  wires  is 
achieved  by  means  of  wires  welded  to  the  downstream  side  of  the  posts.  Prior  to  final  assembly  of  the 
Superjet™  Sensor,  the  finished  plug  assembly  is  trimmed  to  enhance  the  resistance  tracking  characteristics 
of  the  wire  pair  over  the  full  operating  temperature  spectrum.  This  trio  is  performed  to  improve  subsequent 
instrument  null  accuracy  performance. 

The  base  of  the  sensor  plug  i«  fitted  with  a  senrs  of  through  holes  permitting  the  jet  to  flow  past  the 
plug  into  the  pump  area  to  be  recirculated. 

In  addition  to  the  above  described  internal  parts,  the  remaining  pieces  of  the  Instrument  consist  of  a 
stainless  steel  outer  case  and  a  header  cap  through  which  all  electrical  contacts  to  the  instrument  are 
made  end  the  instrument  is  backfilled  with  gas. 

final  assembly  of  the  unit  proceeds  briefly  as  follows.  The  resistance  balanced  sensor  plug  assembly  is 
first  precisely  positioned  and  attached  to  the  nozzle  block.  Precision  resistors  are  then  mounted  at  the 
rear  of  the  sensor  plug  to  complete  the  bridge  circuit. 

The  pump  assembly  and  anvil  are  next  positioned  in  the  nozzle  block  behind  the  sensor  plug  assembly,  and 
the  entire  assembly  placed  in  the  instrument  case.  The  conical  belleville  spring  is  next  positioned 
behind  the  anvil  using  a  circular  alignment  flange  located  on  the  anvil.  Pressure  ii  then  applied  to  the 
belleville  spring  by  means  of  the  annular  locknut  which  screws  into  the  aft  portion  of  the  sensor  case. 

The  preload  pressure  applied  to  the  belleville  spring  by  the  loeknut  permits  a  large  force  to  be  applie-j 
to  the  anvil,  firmly  securing  the  anvil/pump  assembly  to  the  nozzle  block.  Thus,  the  locknut  and  conical 
spring  provide  the  means  to  secure  alt  internal  sensor  component*  to  the  case. 

tn  the  final  phase  of  assembly,  electrical  interconnections  are  made  to  the  header.  The  header  ij  then 
attaches,  and  welded  to  the  ease.  The  completed  instrument  is  then  backfilled  with  gas  and  the  fill  tube 
sealed. 


4.0  RfiU  SlhSPS  PACKA&  (UCTBWgn 

in  mission  applications,  the  Superior  Sate  Sensor  is  •«<?  »*  an  integral  element  of  a  Sale  Sensor 
Package  consisting  of  the  ‘Igtdtc  senior  and  a  supporting  electronics  svdyie  developed  by  Hamilton 
Standard.  The  functional  characteristics  of  the  rplgte  Superset™  Pate  Censor  Package  ere.  to  a  large 
eatent,  governed  by  the  -sp-erat  ion  of  t m  electronics  module.  Although  the  generic  electronics  ws-Sole 
contains  the  samf  basic  elements,  We  design  of  each  module  is  tailor-*?  to  satisfy  specific  vehicle 
interface  and  operational  usage  aissien  retruiresiients.  The  discussion  which  follows  presents  a  descrip¬ 
tion  of  the  electronic  nodules  developed  for  the  currant  Copperhead  Soli  Sate.  Sensor  Program.  The 
operational  function  of  this  package,  as  used  in  the  Copperhead  application,  is  presented  in  paragraph 


*.1  regCTlgSAj,  PUca{?TjPS 

The  electron1?!  module  consists  of  three  printed  circuit  beard  assemfcties;  the  processor  hoard,  the 
bridge  amplifier  board,  and  the  p-jap  oscillator  board,  and  suggnrtifvg  power  supply  and  signal  condition¬ 
ing  electronics.  The  function  of  the  board  assemblies  is  as  follows: 

•  > rotes*?*  Beard  -  The  Processor  Saard  contains  a  microcomputer  which  performs  ser.se.r  ccmgsem.jatten, 
and  null  store:  bias  correction  functions.  The  ucicroewkputer  accepts  data  frees  the  Spjerjct™ 
Sensor  asd  outputs  controlling  Safarmelicn  to  the  other  electronic  fsectiemal  elements  within  the 

fu 

•  Bridge  Amplifier  fear.-!  *  'he  Bridge  Amplifier  Beard  supplies  the  Suf»rje»  Sensor  bridge  sensing 
resistors  wt tii  the  regulated  voltage,  constant  power  required  to  maintain  scale  factor  pe'ffnunu 
rpyutreasents. 
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•  Pump  Oscillator  Board  -  The  Pump  Oscillator  Board  supplies  the  excitation  voltage  to  the  pump 
piezoelectric  crystal  assembly  In  a  closed  loop  oscillator  circuit. 

The  Hamilton  Standard  roll  rate  sensor  electronics  assembly  performs  several  functions  as  described  in 
the  following  paragraphs. 

4.1.1  INPUT  POWER  CONDITIONING 

Input  Power  Conditioning  encompasses  the  responsibility  assigned  to  a  conventional  power  supply.  This 
function  consists  of  the  generation,  regulation  and  distribution  of  the  various  DC  voltages  required  to 
operate  the  unit  using  inout  power  provided  from  a  single  OC  battery  supply.  Because  of  the  low  voltage 
DC  characteristics  of  the  rate  sensor  power  requirements,  the  power  supply  is  a  particularly  simple, 
passive  resistive  network  implementation  which  does  not  rely  on  the  use  of  inverters,  converters,  etc., 
to  generate  intermedicate  AC  and/or  higher  OC  voltages  for  internal  use. 

4.1.2  SIGNAL  CONDITIONING 

Signal  Conditioning  is  provided  at  two  important  functional  stations  in  the  rate  sensor  electronics 
package.  The  first  signal  conditioning  function  consists  of  the  isolation,  filtering  3nd  amplification 
of  the  sensing  signal  obtained  from  the  bridge  circuit  to  levels  compatible  with  the  operating  char¬ 
acteristics  of  the  standard  analog  and  digital  logic  elements  used  throughout  the  unit.  The  second 
major  signal  conditioning  function  consists  of  the  integration,  filtering  and  level  adjustment  of  the 
rate  sensor  output  signal  to  satisfy  vehicle  autopilot  interface  requirements. 

4.1.3  AUTOMATIC  SEQUENCING 

Automatic  Sequencing  of  the  rate  sensor  package  achieves  compatibility  with  mission  flight  scenarios 
while  implementing  self-contained  null  store  functions.  It  is  accomplished  by  means  of  preprogrammed 
logic  contained  in  the  rate  sensor  electronics. 

4.1.4  STATIC  NULL  COMPENSATION 

Static  Null  Compensation  in  the  form  of  a  constant  electrical  null  offset  is  generated  by  the  rate  sensor 
electronics  to  compensate  for  electronics  long  term  aging  and  related  instability  effects  in  order  to 
enhance  absolute  null  accuracy  performance.  This  is  accomplished  by  electrically  energizing  the  electronics 
and  bridge  wire  pair  prior  to  pump  turn-on  and  noting  the  net  current  unbalance  between  the  two  elements 
of  the  bridge.  In  the  absence  of  a  sensed  inertial  input  motion  created  by  the  pump-off  condition  (even 
in  the  presence  of  an  actual  applied  motion)  the  unbalance  is  attributed  to  the  total  accumulated  shift 
in  electronic  parameters  at  the  time  of  turn-on.  The  null  offset  is  then  electrically  readjusted  to  zero 
by  means  of  feedback  loop  logic.  This  procedure  virtually  eliminates  error  parameters  attributed  to  long 
term  electronic  component  stability. 

4.1.5  DYNAMIC  NULL  COMPENSATION 

Dynamic  Null  Compensation  provided  by  the  rate  sensor  electronics  is  an  additional  nul )  offset  correction 
factor  applied  after  pump  turn-on  to  compensate  for  temperature  dependent  jet  flow/wire  plug  geometry 
misalignments  remaining  after  final  assembly  of  each  sensor.  The  magnitude  of  this  correction  is  based 
on  the  initial  laboratory  calibration  of  the  sensor  performed  at  the  time  of  manufacture  and  is  assumed 
to  remain  constant  during  the  life  of  the  unit. 

4.1.6  SCALE  FACTOR  COMPENSATION 

Scale  Factor  Compensation  for  operating  temperature  variations  is  automatically  generated  by  the  rate 
sensor  electronics.  The  gain  changes  are  developed  by  the  direct  reading  of  the  temperature  sensitive 
wire  bridge  circuit  and  are  designed  to  offset  the  natural  variation  of  sensor  plug/bridge  network 
resistive  experienced  with  temperature  change.  Scale  factor  voltage  compensation  is  determined  during 
the  calibration  and  trim  of  the  unit  during  the  final  phase  of  manufacture. 

Figure  5  presents  a  functional  block  diagram  of  the  rate  sensor/electronics  package.  The  unit  consists 
of  three  major  functional  elements:  the  Superjet™  Rate  Sensor;  the  primary  analog  signal  processing 
electronics;  and  a  supportive  digital  compensation  network.  The  compensation  network  is  operated  in  a 
feedback  mode  during  initial  turn-on  to  provide  the  null  score  function  as  described  in  further  detail 
below. 

TM 

During  flight  operation,  the  output  of  the  Superjet  Rate  Sensor  is  combined  with  static  and  dynamic 
null  compensation  signals  and  processed  In  an  analog  gain  stage.  The  output  of  the  gain  stage  is  then 
adjusted  to  compensate  for  variations  in  scale  factor  incurred  with  local  ambient  temperature  changes. 

The  scale  factor  temperature  compensated  rate  output  signal  is  then  used  for  two  purposes:  as  a  direct 
Input  ate  signal  to  the  vehicle  autopilot  and  2)  as  input  to  an  analog  integration  stage  to  der've  roll 
angle  data  which,  in  turn,  is  also  input  to  the  autopilot. 
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FIGURE  5  ROLL.  RATE  SENSOR  FUNCTIONAL  BLOCK  DIAGRAM 


5 • 0  COPPERHEAD  ROLL  RATE  SENSOR  PACKAGE 

MthItta  r^nnf?-15  Presen^y  supplying  the  Roll  Rate  Sensor  (RRS)  package  for  the  U.S.  Army/Martin 
Marietta  Corporation  Copperhead  program.  Copperhead  is  a  laser  guided  projectile  which  is  launched  from 

initUirrminrihriR!nim0Unted  h55  mm  fann°n'  Ihe  R?]1  Rate  Sensor  Package  operates  during  flight  to  provide 
initial  round  despin  ano  subsequent  zero  rate  roll  stabilization  functions.  These  functions  are  performed 

after  rapid  turn-on  in  the  post  launch  high  spin  rate  environment  created  when  the  round  is  fired  from  the 
cannon  core • 


Hamilton  Standard  s  Copperhead  Roll  Rate  Sensor  program  began  in 
evaluate  six  engineering  brassboard  units  to  demonstrate  the  sui 
for  the  Copperhead  application.  The  success  of  this  program  led 
perform  the  Engineering  Development  (ED)  Phase  program  in  1976. 
engineering  units  have  been  delivered  with  the  program  formally 
this  program,  the  unit  was  successfully  qualification  tested  in 
Copperhead  mission  flight  environments  and  in  a  series  of  9  00C 
launches. 


1975  with  an  initial  award  to  build  and 
tability  of  the  Superjet^M  Sensor  concept 
to  Hamilton  Standard's  selection  to 
A  total  of  470  preproduc.tion  prototype 
completed  in  fourth  quarter  1979.  During 
the  laboratory,  simulating  the  severe 
g  shock  environment  cannon  cannister 


lll  Engineering  Development  phase  program  performance,  in  1978  Hamilton  Standard  was  awarded 
^  to  develop  the  computerized  Initial  Production  Taci 1 ity  (iPF)  required  to  automatically 
?nS198o!  leS  thC  RRS  'n  M9h  V°lUme  production  qua-.citiec.  This  program  is  scheduled  for  ciletion 

An  Initial  Production  (IP)  program  will  begin  ir  early  1980.  This  program,  for  the  manufacture  of  Roll 

fac111t1esrdevIwH  fn  SuVe hver!fy  tf,e  <>’ Action  design  of  the  unit,  as  well  as  the  IP  production 
faculties  developed  for  its  high  volume  production.  The  IP  program  is  scheduled  for  completion  in  ig&? 
•ul  Copperhead  RRS  production  will  be  in.tiated  in  1982  and  will  continue  through  the  1980's  with  follow- 
on  procurements  anticipated  in  the  post  1990  time  period. 


S.l 


PHYSICAL  CHARACTERISTICS 


TH 


The  Copperhead  Roll  Rate-  Sensor  f.t RS}  is  a  single  axis  unit  consisting  of  the  Hamilton  Standard  Superiet 
5h  K!r0n^  in  a  Housing.  The  unit  occupies  a  total  volume  of  less 

.  J  ,  ^  *"  ^  72  cm  ^  a',d  ^hs  12.0  ounces  (340  cpn) .  The  unit  consumes  approximately  2.4  watts  of 
toval  opera  ing  power  The  Si perjet™  (t0u  Rate  Sensor  package  has  been  successfully  qualification  tested 

operate  after^ltESg ^'aunch'loaSIf^'^  Pr0j(xU,C  P^ria  4nd  haj  demonstrated  Us  ability  to 


longitudinal  Shock 
Lateral  Shock  (2  Axes) 
Roll  Acceleration 


9000  g's 
800  g's 

93,750  rad/sec2 


n.K.VV  ph?to^*‘h,of  lh0  Copperhead  Roll  Rate  Sensor  assembly  presently  being  delivered  under  the 
curient  Engineeting  Development  Phase  contract.  Figures  7  and  8  present  the  Installation  nut  linn 
and  an  exploded  internal  view  of  the  c^lete  MS  sensor  package, mSccUvely  T*blS  1  I  ££2* 

complete  summary  of  the  taajor  physical  and  performance  specifications  of  the  unit. 


TABLE  I 

COPPERHEAD  RRS  CHARACTERISTICS  SUMMARY 
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Weight  of  Jet: 

Weight  of  Total  Packagt: 
Volume  of  Total  Package: 
Input  Voltage: 

Rate  Range: 

Scale  Factor: 


Linear  Acceleration  Sensitivity; 

Frequency  Response: 

Input  Axis  Alignment: 

Environmental  Capability: 

*Modif ication  to  existing  packages  will  increase  rate 
(Scale  factor  linearity  will  degrade.) 


3.8  oi, 

12.0  oz. 

10.5  In.3 

±15V  &  22  ma 
+11. 5V  @  120  ma 

120°/sec.* 

Rate  -  6  mvolts/degrees/sec 

Angle  -  120  rnv/degree 

Null  Stability  (Absolute,  Environment) 

-  ^0.6°/sec  (when  null  compensation  performed  in 

~  high  rate  environment) 

-  +0.3°/sec  (when  null  compensation  performed  in 

benign  environment) 

Scale  Factor  -  15%  (Absolute,  Environment  and 
Symmetry) 

Scale  Factor  Linearity  -  1%  to  120°/sec 

-  2i  to  500°/sec 

.02°/sec/g 
40  Hz 

1/2  deg.  (.25°  on  Copperhead  IA  to  roll  reference 
1.5°  IA  wrt  jet  axis) 

Temp:  -25°F  to  +155°F 
Vibration:  7.6  g  RMS 
Shock:  10,000  g's 

range  to  500°/sec 


5.2  POWER  REQUIREMENTS 

TM 

The  power  consumed  by  a  Superjet  Rate  Sensor/electronics  channel  is  very  low.  In  the  Copperhead  applica¬ 
tion,  required  DC  voltages  are  derived  from  a  single  battery  supply  greatly  simplifying  the  complexity 
(and  weight  and  cost)  of  the  power  supply  required  to  support  the  operation  of  the  unit.  Table  II  lists 
the  OC  voltages  used  in  the  operation  <  the  present  Copperhead  RRS  design  and  the  corresponding  current 
and  power  consumed  at  each  voltage.  As  shown  in  Table  II,  a  total  of  only  1.26  watts  at  the  desired 
voltages  is  required  to  operate  the  complete  sensor  channel.  Of  this  total,  the  largest  single  element 
is  the  +  15  VOC,  0.63  watts  required  to  operate  the  analog  electronics  including  operational  amplifiers, 
A/D’s,  0/A‘s  etc.  The  second  largest  requirement  is  the  +5V0C,  0.45  watts  required  to  supply  the  micro¬ 
computer. 

Rower  distribution  in  the  Copperhead  RRS  is  accomplished  by  means  of  a  simple  resistive  dropping  network 
designed  to  generate  the  above  required  internal  working  voltages  from  the  vehicle  ♦  15  VDC  center  tapped 
30  VOC  battery  supply.  The  complete  supply  consists  of  a  simple  regulation  circuifand  the  dropping 
network  shown  In  Figure  9.  The  penalty  paid  for  the  use  of  the  dropping  network  as  opposed  to  the  direct 
input  of  the  required  voltage  levels  is  the  power  dissipated  in  the  resistive  network.  As  shown  in 
Figure  9,  the  true  total  power  eensuaed  by  the  Copperhead  RRS  is  2.473  watts,  approximately  twice  that 
actually  required  by  the  sensor  and  electronics. 
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TABLE  II 

SUBASSEMBLY  POWER  REQUIREMENTS 


FUNCTIONAL  ELEMENT 

VOLTAGE  (V) 

CURRENT  (M^pg) 

POWER  (WATTS) 

Wire  Pair 

+2.88 

55 

.158 

+15 

22 

.31 

Electronics 

-15 

20 

.3 

+5 

90 

.45 

Pump 

+5 

5 

.025 

Total  I.Z&3 


5.3  FUNCTIONAL  OPERATION 


The  functional  operat.on  of  the  Copperhead  Roll  Rate  Sensor  package  and.  In  particular,  the  null  store 
and  compensation  functions  Is,  perhaps,  best  understood  while  considering  the  overall  operating  sequence 
of  the  Roll  Rate  Sensor  (RRS)  package  during  the  Copperhead  mission. 

The  RRS  package  Is  launched  in  a  completely  Inert  state  and  emerges  from  the  rifled  cannon  bore  in  a  high 
roll  rate  spin  stabilized  condition.  Approximately  400  milliseconds  after  firing,  an  11.6  volt  battery 
in  the  round  is  activated.  Battery  activation  causes  2.88  VDC  warmup  power  to  be  automatically  applied 
to  the  RRS  Superset™  Sensor  wires  and  bridge  circuit,  and  a  Null  Store  discrete  to  be  applied  to  the 
compensation  electronics.  The  early  application  of  power  to  these  elements  permits  the  complete  bridge 
circuit  to  become  thermally  stabilized  prior  to  initialization  of  the  null  store  function.  As  explained 
below,  this  enhances  null  store  accuracy  and  subsequent  mission  performance.  The  applied  null  store 
discrete  is  not  used  at  this  time. 

At  a  mission  range  dependent  preselected  point  during  the  flight  of  the  round,  a  +15  volt  vehicle  battery 
supply  is  activated  by  the  vehicle  master  sequencer.  This  causes  the  primary  supply  voltage  to  be  applied 
to  the  remaining  RRS  electronics  and,  consequently,  both  primary  analog  and  digital  compensation  circuits 
to  become  activated. 

Figure  5  presents  a  functional  block  diagram  of  the  Roll  Rate  Sensor  package  and  indicates  the  compensa¬ 
tion  which  is  performed  during  tne  initial  turn  on  and  subsequent  operation  o*  the  unit.  T  e  heart  of 
the  compensation  network  is  an  Intel  Model  8748  microcomputer.  This  device,  housed  in  a  40-pin  dual  in¬ 
line  package,  is  a  self-contained  programmable  iK-byte  by  8-bit  parallel  microcomputer.  This  microcomputer 
sequences  and  performs  the  computations  needed  to  support  the  RRS  static  and  dynamic  null  store  functions. 

The  first  functions  performed  by  the  microcomputer  under  software  control  are  a  series  of  housekeeping 
chores  which  are  initiated  by  the  "Power  Reset”  indication  generated  when  power  is  applied  to  the  micro¬ 
computer.  These  housekeeping  tasks  include;  1)  discharge  of  capacitors  in  the  analog  circuit  and 
initialization  of  null  conditions,  and  2)  BITE  checkout  of  the  SuperjetfM  Sensor  (i.e.,  bridge  resistance 
reading)  and  register  of  the  output  of  the  'Temp  Gain”  circuit  element  Identified  in  Figure  5. 

The  Temp  Gain  circuit  consists  of  an  analog  amplifier  stage  and  an  A/0  converter  which  is  used  to  format 
the  temperature  data  used  by  the  microcomputer.  In  a  grounded  input  signal  state,  the  ^'gltal  output 
from  the  “Temp  Gain"  circuit  should  be  zero  valued.  In  the  event  a  nonzero  value  is  registered  due  to  a 
shift  in  electronics  characteristics,  this  bias  value  is  recorded  in  the  computer  and  used  to  adjust 
subsequent  temperature  readings  to  the  correct  level. 

After  the  Temp  Gain  and  BITE  checks  have  been  completed,  the  microcomputer  recognizes  the  presence  of  the 
“null  store"  discrete  and  places  the  Null  Store  Mode  and  Temperature  Measurement  switches  in  the  “ON" 
position,  while  maintaining  the  pump  in  an  inoperative  state.  This  sequence  of  events  initiates  the  null 
store  cycle.  The  microcomputer  begins  reading  the  integrated  angle  output  of  the  analog  circuit  after 
the  data  is  properly  scaled  and  converted  from  analog  to  digital  format  by  the  "Angle  Gain*  circuit. 

The  static  null  store  compensation  function  is  divided  into  two  parts:  Coarse  Null  Compensation,  and  Fine 
Compensation.  The  coarse  null  is  implemented  by  using  the  microcomputer  as  part  of  a  feedback  loop.  The 
output  signal  from  the  microcomputer  is  converted  to  analog  format,  scaled  and  combined  with  the  input 
signal  from  the  5upcrjetlH  Rate  Sensor  (pump  nonoperating)  to  drive  the  integrated  output  of  the  assembly 
to  zero,  it  takes  approximately  403  milliseconds  for  the  coarse  null  algorithm  to  converge  to  within  one 
data  element  (bit)  of  true  null.  The  remainder  of  the  1.3  second  interval  assigned  to  the  null  store 
function  (for  the  Copperhead  mission)  is  spent  in  an  interactive  fine  null  compensation  mode.  During 
this  interval,  a  filtered  averaging  technique  is  used  to  continuously  refine  and  update  the  null  value 
derived  during  the  coarse  null  mode.  The  zero  output  feedback  mechanization  is  employed  to  establish 
the  fine  null  value.  The  f i Her ing/updatc  process  ij  continued  throughout  the  null  store  function  as 
dictated  by  Copperhead  overall  mission  scheduling  constraints.  The  filtering  process  is  weighted  to 
reflect  the  most  recently  acquired  data  in  order  to  extract  the  highest  possible  accuracy.  The  value 
converged  upon  at  the  end  of  the  assigned  null  store  interval  is  stored  for  use  as  a  constant  correction 
value  during  ptaap-tm  RP-5  operation. 

The  static  null  store  function  is  completed  by  sicrocosputer  recognition  of  the  resoval  of  the  null  store 
discrete  by  the  Copperhead  round  master  sequencer.  Removal  of  this  signal  causes  power  to  be  applied  to 
the  SvpcrJet'H  Sensor  pump  and  the  RRS  to  be  placed  in  the  Run  mode.  The  feedback  loop  used  during  null 
store  is  then  broken  and  a  temperature  reading  stored  for  later  use.  During  the  remainder  of  the  mission, 
the  microcomputer  functions  to  continue  to  input  null  compensation  values,  after  0/A  conversion,  into  the 


primary  autopilot  analog  processing  circuit.  As  Indicated  above,  the  static  null  compensation  Is  a  con¬ 
stant  offset  value  added  throughout  the  remaining  portion  of  the  mission.  Prior  to  being  combined  with 
the  sensor  output  signal  for  analog  processing,  the  static  null  compensation  Is  continually  supplemented 
by  an  additional  dynamic  null  compensation  factor  designed  to  compensate  for  sensor  wire/jet  flow  misalign¬ 
ment  effects.  As  previously  Indicated,  this  later  compensation  term  Is  a  temperature  dependent  parameter. 
It  Is,  consequently,  updated  periodically  during  the  mission  under  microcomputer  software  control.  This 
Is  accomplished  by  means  of  a  table  look  up/lnterpolatlon  routine  programmed  In  the  microcomputer  uslrg 
dynamic  alignment  compensation  data  taken  over  the  full  operating  temperature  range  of  the  unit.  During 
factory  calibration,  recorded  calibration  values  are  “burned"  into  the  PROM  memory  elements  of  the  micro¬ 
computer.  The  initial  dynamic  compensation  table  “look  up"  performed  during  pump-on  operation  Is  executed 
using  the  averaged  temperature  data  taken  at  the  beginning  of  the  static  null  store  period.  Subsequent 
updates  made  during  the  remainder  of  the  flight  are  performed  at  a  4  Hz  rate  under  program  control.  The 
temperature  measurements  used  for  these  updates  are  instantaneous  values  sampled  from  the  Superjet™  Sensor 
and  preconditioned  by  the  Temp  Gain  electronics. 

After  pump  turn-on,  the  RRS  operates  throughout  the  remaining  portion  of  the  Copperhead  mission  to  provide 
roll  despin  and  stabilization  functions.  The  despin  function  Is  performed  iranedlately  after  pump  turn  on 
to  cancel  the  residual  high  roll  rate  created  during  the  travel  of  the  round  in  the  rifled  cannon  bore. 

The  decision  to  enter  a  despin  operating  mode  is  made  by  comparing  the  fully  compensated  output  of  the 
RRS  against  a  preset  threshold  (Figure  10).  A  reading  below  the  threshold,  caused  by  the  gross  deflection 
of  the  sensor  jet  flow  across  the  sensing  wire  pair  (in  a  very  high  angular  rate  environment),  causes  the 
output  signal  to  be  latched  and  held  in  a  saturated  maximum  command  signal  condition  to  produce  a  maximum 
command  signal  condition  to  produce  a  maximum  vehicle  despin  torque  through  the  vehicle  control  fins.  The 
latched  condition  is  maintained  until  the  threshold  is  exceeded  (l.e.,  the  jet  flow  approaches  a  central 
position  relative  to  the  sensing  wires)  and  proportional  control  can  be  initiated.  Despin  is  then 
completed  using  proportional  control,  and  the  round  Is  maintained  in  a  zero  rate  roll  stabilized  attitude 
until  target  Impact. 


OUTPUT 
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FIGURE  10  COPPERHEAD  RRS  LATCHING  FUNCTION 


5.4  UfE/REUABIUTV 

The  reliability  of  the  Roll  Rate  Sensor  is  inherently  high  due  to  Us  design  simplicity.  The  predicted 
failure  rate  of  the  complete  RRS  SupcrjctTH  Sensor  and  supporting  electronics  package  Is  approximately 
forty  failures  per  million  operating  hours  (X*  40  X  10*6)  or  an  equivalent  MTRf  of  25.000  hours.  This 
failure  rale  is  based  on  conservative  component  failure  rates  derived  fro«  HJI-K08K-.2178,  using  65°C 
asbient  temperature  conditions  and  environment  stress  factors  for  a  missile  launch  environment.  In  a  less 
hostile  environment,  the  effective  predicted  HTBF  of  the  unit  would  be  considerably  higher. 

Life  tests  on  five  experimental  Svperjet^  Rate  Sensors  have  exceeded  34,000  hours  each  or  a  cumulative 
total  of  over  170,000  hours  without  failure.  The  elimination  of  wear  limited  components  In  both  the  jet 
sensor  and  supporting  electronics  has  made  It  possible  to  attain  virtually  unlimited  unit  life. 

The  environmental  resistance  of  the  sensor  assembly  has  been  analyzed  and  experimentally  demonstrated  for 
a  broad  spectrum  of  vibration,  shock  and  acceleration  dynamic  conditions.  The  Supcrjet'N  Angular  Rate 
Sensor  i$  exceptionally  tolerant  to  angular  rate  overranging.  This  is  a  tonsequence  of  the  fact  that 
overranging  does  not  produce  an  internal  mechanical  force  on  steps,  glmbal  suspensions,  or  spin  bearings 
as  in  conventional  rate  gyroscopes.  Thus,  the  unit  will  recover  from  a  large  overrange  condition  without 
damage  or  degradation  of  performance. 

6.0  PERfORHASCE 

Figure  11  presents  Acceptance  Test  null  performance  data  taken  on  a  sample  of  16  Roll  Rate  Sensor  units 
for  the  Copperhead  program.  The  data  presented  illustrates  the  ability  to  trim  null  offset  over  the  full 
Cepperhead  -25°f  to  OSS^F  operating  temperature  range.  Factors  influencing  this  data  are,  the  specified 
operatlno  temperature  range,  word  size  of  the  A/0  converters  used  In  the  present  circuit  which  determines 
the  resolution  of  the  temperature  monitor  and  integrated  angle  error  signals  read  by  the  microcomputer 
during  the  null  store  sequence. 
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Other  performance  factors  of  Interest  are  linearity,  asymmetry  and  absolute  scale  factor.  Linearity  is 
defined  as  the  deviation  from  the  least  squares  straight  line  fit  of  the  input-output  transfer  function 
taken  over  full  operating  rate  range  of  the  instrument.  Figures  12  and  13  present  the  linearity  per¬ 
formance  characteristics  of  two  Copperhead  RRS  units  based  on  data  taken  following  completion  of  the 
Qualification  Test  program.  The  data  taken  shows  turn  on-to-turn  on  repeatability  performance  over  a 
period  of  approximately  one  week  under  laboratory  ambient  conditions  (Figure  12)  and  over  the  full  oper¬ 
ating  temperature  range  (Figure  13).  The  data  presented  is  expressed  in  terms  of  percent  of  point  and, 
as  such,  is  undefined  at  a  aero  angular  rate  condition. 
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FIGURE  12  LINEARITY  REPEATABILITY  PERFORMANCE  -  S/N  020 


Oats  obtained  on  both  units  Indicate  linearity  performance  better  than  11.0  percent  of  point  over  the 
rate  range  between  HJOVscc,  exclusive  of  the  ten  rate  singularity  point.  A  run-to-run  repeatability 
(peak-tQ-peak )  capability  on  the  order  of  0.2S  percent  over  the  ?  and  10-day  test  Intervals  and  operating 
temperature  range  is  also  indicated  by  this  data.  It  should  be  noted  that  the  data  at  thel30°/sec  point 
is  colored  by  the  0.16°/sec  readout  resolution  capability  of  the  laboratory  instrumentation  used  to  obtain 
this  data  which  accounts  for  the  disproportionate  spread  shown. 
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FIGURE  13  LINEARITY  TEMPERATURE/REPEATABIUTY  PERFORMANCE  -S/N  026 


Scale  factor  asymmetry  is  the  deviation  from  the  straight  line  least  square  approximations  for  positive 
and  negative  rates,  each  normalized  through  the  zero  point.  Scale  factor  asynmetry  data  taken  on 
Copperhead  units  during  the  above  referenced  post  qualification  test  program  is  presented  in  Figures  14 
and  15.  Once  again,  the  data  is  expressed  in  tenns  of  percent  of  point.  The  data  presented  shows  a 
performance  level  of  better  than  ±1.5  percent,  with  the  above  mentioned  laboratory  instrumentation  error 
at  ±30  /sec  adversely  affecting  this  value.  A  turn  on-to-turn  on  repeatability  capability  over  the  test 
period  of  approximately  0.5  percent,  including  full  operating  temperature  variation  effects,  is  demonstrated. 
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FIGURE  14  ASYMMETRY  REPEATABILITY  PER.ORMANCE 
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FIGURE  15  ASYMMETRY  TEMPERATURE/REPEATABIUTY  PERFORMANCE 


The  scale  factor  magnitude  stability  performance  of  a  Copperhead  qualification  unit  Is  summarized  In 
Figure  16.  The  data  presented  Is  expressed  In  terms  of  both  absolute  magnitude  (MV/deg/sec)  of  the  analog 
output  device  and  the  percentage  deviation  from  the  mean  scale  factor  value  taken  over  the  total  rate  range 
of  the  instrument.  In  examining  the  data  presented  In  Figure  16,  the  following  important  consideration 
should  be  noted.  This  Is  that  scale  factor  magnitude  and  scale  factor  variation  with  temperature  and/or 
rate  are  trlmmable  parameters  In  the  rate  sensor  design.  Variations  between  the  units  and  closer  absolute 
agreement,  can  be  achieved  with  finer  calibration  trim.  Thus,  the  pertinent  characteristic  of  the  data 
shown  in  Figure  16  should  be  limited  to  stability  cons Idar at Ions.  The  data  presented  substantiates  a  0.75 
percent  turn  on-to-turn  on  stability  capability  over  the  complete  rate  range  of  the  Instrument  at  room 
ambient  conditions  for  an  8-day  period. 
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FIGURE  16  ABSOLUTE  SCALE  FACTOR  REPEATABILITY  PERFORMANCE 


7.0  DESIGN  TRADEOFF S/GROWTH  POTENTIAL 

7.1  REACT  IQS  TIME 

As  illustrated  by  the  Copperhead  turn-on  sequence  schematical iy  shown  in  Figure  17,  the  time  required  to 
bring  the  SuperjetTH  Rate  Sensor/electronics  module  from  an  unpowered  dormant  state  tu  a  mission  ready 
fully  operating  condition  can  be  divided  into  the  fullowing  segments: 

•  The  time  required  to  acnieve  thermal  stabilization  of  the  SuperjetTR  5ensor  plug  wires  after  initial 
application  of  power, 

9  The  time  required  to  perform  the  null  store  function,  and 

•  The  time  required  to  activate  the  pump  and  achieve  stable  flow  conditions. 

Beginning  with  the  last  ilea  above,  pump/flow  activation  time  is  dictated  by  parameters  including;  the 
flexure  stiffness/resonent  frequency  characteristics  of  the  piezoelectric  pu»p  diaphragm,  the  applied  pusp 
voltage  (i.e.,  design  jet  flow  speed)  and  the  internal  flow  geometry  of  the  sensor.  These  are  fixed  design 
parameters  for  the  existing  Copperhead  Superjet'*  Rate  Sensor  configuration. 


FIGURE  17  COPPERHEAD  ACTIVATION  SEQUENCE 


Figure  18  presents  a  photograph  of  an  oscilloscope  trace  showing  the  analog  output  of  the  sensor  electronics 
a;  a  function  of  time  when  the  sensor  is  turned  on  in  the  presence  of  100°/sec  CW  and  CCVI  rates.  The  sudden 
change  in  output  level  shown  In  Figure  18  represents  the  onset  of  stable  flow  conditions.  The  application 
of  power  at  the  pump  site  is  indicated  by  the  “tick"  marks  at  the  lefthand  side  of  the  trace.  Each  major 
horizontal  division  represents  a  5  msec  interval.  This  data  clearly  shows  that  pump  startup  is  accomplished 
in  a  25-30  msec  period.  The  time  Interval  between  the  end  of  null  store  and  the  application  of  power  at 
the  pump  represents  the  time  required  for  the  system  software  to  execute  the  pump  on  command  based  on  the 
current  software  executive/programming  mechanization. 
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FIGURE  18  SUPERJET™  PUMP  TURN  ON  PERFORMANCE 


The  remaining  two  elements  of  the  turn  on  cycle  are  interrelated.  The  tine  required  to  perform  the  null 
store  function  is  governed  by  the  following  factors: 

•  the  ability  to  establish  ami  maintain  stable  operation  conditions  during  the  null  store, 

•  The  noise  level  present  in  the  cincuit, 

•  The  ambient  motion  environment  present  at  the  time  of  null  store, 
and 

•  The  algorithms  and  processing  cycte  time  required  to  execute  the  null  store  computations. 

The  establishment  of  stable  operating  conditions  after  the  initial  application  of  power  to  the  Superjet™ 
Sensor  is  principally  determined  by  the  transient  response  of  the  sensor  plug  wires  in  reaching  steady  state 
operating  temperature. 

The  current  Copperhead  turn  on  time  p^file  specification  shown  in  figure  1?  strongly  reflects  Copperhead 
mission  imposed  operating  sequence  constraints  rather  than  the  true  performance  capabilities  of  the  assembly 
as  dictated  by  the  physical  design  of  the  unit.  For  example,  ir,  the  Copperhead  application  waraup  power 
is  applied  to  the  sensor  wires  for  a  niniixun  0.2  sec  period  prior  to  the  application  of  pe*er  to  the  elec¬ 
tronics  and  ths  initiation  of  the  null  store  function.  Thi  allocated  1.3  sec  null  store  tiac  again  reflects 
the  Copperhead  nissicn  operating  sequence.  The  0.25  sec  pump  activation  tine  is  also  a  conservatively 
staled  Copperhead  dictated  mission  requirement. 

An  alternate  startup  procedure  with  a  faster  reaction  time  capability  than  the  present  Copperhead  hybrid 
analog/digital  circuit  has  teen  demonstrated  in  engineering  development  tests  performed  in  support  of  other 
advanced  application  program.  In  these  tests,  the  warraup  and  null  store  'unctions  were  initiated  simul¬ 
taneously  using  units  which  were  specifically  sequenced  and  !rts«ed  to  perform  the  composite  warwup/n-jl  1 
store  function  In  pertod  ranginq  from  0.25  to  2.0  seconds.  The  data  obtained  indicated  the  ability  to 
achieve  a  Copperhead  static  null  accuracy  level  (0.3°/scc)  using  a  total  0.5  to  0.25  sec  null  storage  period 
under  laboratory  aabient  conditions. 


Early  Initiation  of  the  null  store  function  as  performed  In  the  above  tests,  means  that  the  null  store 
function  Is  being  performed  before  thermal  stabilization  of  the  sensor  wires  has  been  achieved.  The  process 
must,  consequently,  rely  on  a  functional  extrapolation  to  steady  state  conditions.  The  success  of  this 
process  Is,  In  turn,  dependent  on  the  predictability  and  repeatability  of  the  wire  warmup  process. 

Two  fundamental  approaches  can  be  made  to  lower  the  sensitivity  of  this  technique  to  externally  Induced 
variations  while  reducing  overall  reaction  time. 

These  are: 

Reduction  of  warmup  time  requirements,  and 

Reduction  of  the  time  required  to  perform  null  store. 

Improvement  of  the  thermal  response  characteristics  of  the  sensor  plug  can  be  used  to  either  maintain  the 
functional  separation  of  warmup  and  null  store  functions  or,  alternately  at  a  minimum,  to  reduce  the  range 
of  extrapolation  required  during  fast  reaction  turn  on. 

7.1.1  REACTION  TIME  IMPROVEMENTS 

As  an  element  of  Its  on-going  Superjet^*  Sensor  product  Improvement  program,  Hamilton  Standard  Is  develop¬ 
ing  an  improved  thermal  characteristic  sensor  plug.  The  analytical  design  of  the  plug  has  been  completed 
and  several  prototypes  are  currently  being  fabricated.  It  Is  anticipated  that  formal  evaluation  tests  of 
this  device,  first  as  a  separate  subassembly  and  then  as  an  element  of  a  complete  sensor,  will  begin  soon. 
The  predicted  thermal  response  of  the  Improved  plug,  expressed  as  the  variation  of  wire  support  post  tem¬ 
perature  with  time  from  power  turn  on.  Is  presented  in  Figure  19. 
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FIGURE  19  St  ■>»  PLUG  THERMAL  RESPONSE 
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ABSTRACT 

The  functioning  of  Cactus  la  baaed  on  the  measurement  of  the  force  necessary  to  maintain  a 
reference,  or  proof  mass  within  a  cage,  without  any  material  contact.  This  force  la  the  resultant  of 
three  orthogonal,  electrostatic  attraction  forces.  Each  of  them  la  generated  by  an  electronic  circuit 
fed  with  the  measure  of  the  relative  position  of  the  proof  mass  within  the  cage.  Each  of  these  circuits 
this  ensures  a  servo-positioning  function  of  the  proof  mass. 

The  whole  apparatus  being  mounted  on  board  a  spacecraft,  the  forces  that  can  create  a  relative 
movement  of  the  proof  mass  within  the  cage  are,  on  the  one  hand,  the  surface  forces  acting  on  the 
spacecraft  and,  on  the  other  hand,  the  Inertial  forces  resulting  from  the  spacecraft  movement  about  its 
centre  of  mass.  The  forces  of  the  first  kind  are  due  to  radiation  pressure  (of  Sun  and  Earth),  and  to 
the  drag  resulting  from  the  Impact  of  gas  molecules  on  the  spacecraft  surfaces.  Those  of  the  second 
kind  can  be  minimized  by  a  thorough  centering  and  a  sufficiently  small  amplitude  of  the  spacecraft  move¬ 
ment. 


The  apparatus  permits  the  measurement  of  the  resultant  of  these  surface  forces,  this  resultant 
being  measured  in  terms  of  force  per  unit  mass,  or  acceleration. 

The  resolution  is  2  x  10“l°  G  and  the  bias  10~9  C 

The  overall  qualification  has  bean  ensured  In  orbital  flight  by  the  Castor  satellite  launched 
by  ONES,  the  French  Space  Agency,  in  June  1975. 

1  -  INTRODUCTION 

The  accelerometer  called  Cactus/a  French  acronym  meaning  Ultra-Sensitive,  Three-axis,  Capacitive 
AcceleroaetrlcTransducer)  Visa  been  developed  at  ONERA  with  a  "lev  to  space  applications. 

It  la  a  three-axis  accelerometer,  electrostatically  suspended,  whose  resolution  Is  of  the  order  of 
10"1®  G  (10-9  m/s2).  It  permits  the  measurement  of  all  the  forces,  of  an  origin  other  than  gravitatio¬ 
nal,  acting  on  an  artificial  satellite,  these  forces  being  expressed  In  terms  of  accelerations  sustai¬ 
ned  by  the  satellite. 

Cactus  has  been  qualified  In  1975  {ll  .  It  constituted  the  payload  of  the  French  satellite 
Castor,  resitted  and  launched  by  CNBS,  the  French  Space  Agency.  The  lifetime  in  orbit  of  this  satel¬ 
lite  has  been  45  months,  during  which  the  permanent  operation  of  Cactus  yielded  c  large  number  of 
scientific  results. 

The  detailed  observation  of  the  operation  of  Cactus  Improved  the  knowledge  of  several  parame¬ 
ters,  of  physical  nature,  which  condition  the  instrument  resolving  power  and  bias.  These  results,  and 
ensuing  work  on  them,  allowed  the  design  of  two  new  versions  of  this  type  of  accelerometer  : 

-  an  accelerometer  with  higher  resolution  (project  Srper-Cactue) . 

-  an  accelerometer  with  linear  response  and  shorter  response  time. 

2  -  WOKiSC  PklSeiPU  OF  ELECTROSTATIC  ACCELEROMETERS 


2.1  General 

The  principle  consists  In  aeasurlng  the  force  developed  by  a  three-axis  electrostatic  suspen¬ 
sion  to  maintain  a  spherical  proof  mass  (called  “hall'')  at  the  centre  of  a  cage,  also  spherical,  solid 
with  the  satellite. 


Considering  the  notations  defined  on  figure  1,  and  calling  .* 


m  the  ball  case, 

H-*»»  the  satellite  ease, 

F(  the  -esultant  of  the  surface  forces  octlng  on  the  satellite, 

fg  the  resultant  of  the  forces  applied  to  the  ball  by  the  satellite. 

and  It  the  accelerations  Imparted  to  the  satellite  and  the  hall  by  gravitational  *:  tract  ton,  the 
•quatiost  governing  the  relative  cotton  of  these  two  bed  lee  write.  In  the  Celliean  referee*.*  frame  X^Yi.2i 
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The  distance  GB  la  saall  enough  for  the  difference  to  he  negligible  ao  that.  In  steady  regime 

(GB  constant),  we  only  have  : 


0) 


So,  the  knowledge  of  flashes  It  actually  possible  to  determine,  in  these  conditions,  the  resultant  of 
the  forces  of  non-gravltatlonal  origin  acting  on  the  satellite.  It  should  however  be  noted  tltat 
Is  In  reality  the  resultant  of  the  forceljj  due  to  the  electrostatic  suspension  and  of  disturbing  or 

parlsitlc  forces  F*  :  V*  "e* 

*  ry  a  ry  -  1*2 

j>4% 

Moreover,  In  the  general  case  where  the  acceleration  -jf|T  Is  not  strictly  negligible,  it  is  conve¬ 
nient  to  express  the  ball-sstelllte  relative  notion  In  the  reference  frsse  related  to  the  latter. 

Koting  lithe  Instantaneous  rotation  of  the  satellite,  and  defining  the  following  accelerations  : 


-  Inertial  acceleraton 


*1 


-  control  acceleration  Cu  : 

-  parasitic  acceleration  Cr  : 

-  external  acceleration  (to  be  measured) 
The  measured  acceleration  finally  writes  : 


ft  = 


Fu 


<V  - 


ft- 

tA 

X  * 


0.  -  r. 


O) 


(4) 


(5) 


The  error  5g  on  the  accelerooetrlc  measurement  results  from  the  uncertainty  My  on  the  c , picu¬ 
ls  t  Ion  of  the  control  aeceleret lon|  (from  the  data  transmitted  to  the  ground),  and  on  the  estimation 
errors  of  accelerations  ti  and  ^  _* 

=  *ry  «-(iv-0  -(«V-0 

2.2  Electrostatic  force  exerted  on  a  conducrtng  proof  mass 

The  fundamental  results  concerning  the  charges,  potentials  and  the  electrostatic  force  exerted 
on  an  insulated  conductor  (the  ball)  by  a  system  of  electrodes  set  at  varlour  potentials  are  recalled 
below,  using  the  notations  of  figure  2. 

The  cage,  considered  as  the  electrode  of  order  rero,  is  the  reference  of  the  potentials 
(Si  •  0  for  1  •  0).  Noting  Cj the  total  capacitance  of  the  hall  relative  to  the  cage  and  the  electrodoe,; 

m. 

v»  C«  ♦  21-  C.«. 

#•« 


the  potential  V  Is  given  by  :  e-  .. 

v  -  «•£ Cl  1  «> 

c* 

and  the  electrostatic  force  exerted  on  the  hall  vrite*  : 

The  only  data  available  for  ealculat  tng^JJbj  are,  op.  the  ore  hatrl.  the  voltages  transmit  led 
by  telemetry  and,  on  the  other  hand,  the  valve*  ^fgaf  tht  gradients  of  the  ball-electrode*  capacitan¬ 
ces  resulting  fton  the  cal Ibrat tons.  A*  a  consequence.  the  hall  potential  whose  value  can  not  he 
directly  delemlned  froa  these  data,  ta  subject  to  uncertainties  that  are  to  be  eieietaed.  To  this 
end,  the  electrode  arrangement  nvst  be  such  that  the  virtual  charge*  (  51  Cl  Vi  )  he  sere,  and  that 
charge  tj  have  a  low  value  (*  10'1’  f.) .  The  latter  conditio*  leads  to  the  choice  of  hall  and  cage  aate- 
r!sl*  presenting  only  a  seal"  contact  patent  lal  difference,  la  order  to  Halt  the  charge  acquired  at 
the  rupture  of  electric  contact  between  the  two  bodies.  It  Is  «*reever  neeesraty  to  periodically  dis¬ 
charge  the  Vail,  by  bringing  It  Into  contact  with  the  cage,  se  as  to  el  Urinate  the  csstra  chargee  due 
to  cosmic  radiations  whose  energy  Is  sufficient  to  cress  the  satellite  and  reach  the  hall  . 

3.)  Coast Stvt ten  of  a  servaceetrol  channel 

The  electrostatic  suspension  of  the  pr-inf  case  Is  realised  by  three  Identical  servecenttol 
channels  acting  along  the  three  axes  ef  the  bslrustst.  Figure  J  represents  the  block  diagram  of  one 
channel . 


rha  cavity  surrounding  the  proof  mass  l#  put  In  roasoonicat Son  with  free  space  In  order  to  eli- 
cinate  the  damping  action  due  to  the  present  >  ot  a  gas  !n  the  hall-csge  gap,  as  well  as  the  pnccssal  Sc 
perturbation#  due  te  the  presence  ef  pressure  gradients.  In  these  cesfitltes  St  i«  necessary,  to  obtain 
a  stable  suspension,  that  the  values  V~  of  the  potentials  ef  the  ad  its  electrodes  he  functions  of  the  hall 
pcs  It  tor.  *ad  velocity  relative  to  the  ttje.  Is  this  end,  a  capacitive  transducer  D  presides,  along  each 
sxia,  a  voltage  proportional  to  the  distance  X  of  the  hall  to  s  ttierescc  prist  (origin  0  of  the  trans¬ 
ducer),  located  as  close  as  possible  to  t ho  geometric  centre  of  the  cage  and  the  electrodes,  isseping  Is 
introduced  into  the  feedback  leap  by  the  SC  correcting  circuit,  whsse  wlpet  voltage  is  propotl icnal 
to  (  x  *Ti  ),  The  Cm  constant  T  is  determined  la  ouch  a  way  as  to  oMsk  the  desired  d  sap  jag  ratio. 


The  act  of  amplifier  a  |^||  finally  deliver#  the  voltages  Vj  to  the  s’"  ’  electrodes,  and  aakaa  it 
possible  : 

-  either  to  select,  according  to  the  sign  of  the  signal  (  t *  Tsi  ),  the  system  of  electrodee 
that  should  be  polarised  (the  solution  adopted  on  Cactus  -  see  sect? 

-  or  to  apply  to  the  two  opposed  systems  of  electrodee  voltages  Vi  whose  asplitudes  vary  In 
opposite  senses  around  a  fixed  polarisation  value  V*  (a  aolutlon  envisaged  for  future  projects  -  section 
5)  ! 


Vi  *  V,  £  H  (os  <*  T-i”) 


K  being  a  constant. 


In  all  esses,  the  information  delivered  by  the  accelerometer  (though  the  measuring  amplifiers 
AM)  is  the  values  of  the  voltages  Vi  of  the  various  sctlon  electrodes. 

2.4  Precision  of  electrostatically  suspended  ccceleroaeters 

Considering  the  rough  measurements  only,  the  error  writes  : 

Citg  =  ff  -  *■  aru  (9) 

2.4.1  Contribution  of  the  accelerometer  to  tp _ (see  Eqs.  2,  4) . 

Physical  phenomena  likely  to  provoke  noticeable  disturbances  are  many,  if  we  consider  the  very 
high  sensitivity  expected  for  these  accelerometers,  and  their  measuring  range  £3*}  .  That  Is  why  the 
assembly  comprising  the  ball,  the  cage  and  the  electrodes  has  been  designed  with  a  view  to  minimize 
these  disturbances.  In  these  conditions,  experience  showed  that  results  mainly  from  the  residual 
of  gravltloral  attraction  of  the  ball  by  the  masses  of  the  accelerometer  Itself  and  the  satellite  as  a 
whole.  This  residual,  which  corresponds  to  the  defect  of  spherical  symmetry  of  the  distribution  of  these 
masses,  can  hardly  be  limited  to  less  than  10“!®C. 

It  should  be  noted  that  this  acceleration  Is  constant  in  a  satellite-related  reference  frame, 
so  that  it  "*  easy  to  have  a  precise  estimate  of  It  through  observations  In  orbit. 

2.4.2  Contribution  of  the  accelerometer  to  _ (see  Eq.  3'. 

Remembering  the  definition  of  this  acceleration.  It  la  possible  to  aeparate  It  Into  two  Inde¬ 
pendent  parte  If  we  not  that  : 

•  GO  «  oB  at  X  *  % 


which  leads  to  setting  : 


The  Inertial  acceleration  is  due  to  the  off-centering  A  and  the  angular  motion  of  the 

satellite.  To  reduce  this  acceleration  to  low  values,  we  must  perform  a  atrlct  centering  of  the  satel¬ 
lite  la  orbit  (  X  -•  O  )  and  limit  Its  spinning  rate  to  values  lower  than  lt>*2  rad/s. 

On  the  other  hand,  the  Inertial  accelerating  fj*  ts^only  due  to  the  scccleromeler.  However, 

It  Is  possible  to  show  thal^ln  permanent  regime  (  IT  and  f(  constant  In  the  absolute  reference 
frame),  the  acceleration  Is  zero  If  the  accelerometer  present*  three  Identical  linear  servoeontrol 
channels.  In  case  the  servocontrol*  are  not  linear,  Tj^  cap  j.lwaya  he  brought  hack  to  acceptable 
values  by  towering  the  satellite  splanlng  rats  ■  JT5,  of  the  order  of  10" 1  rsd/s).  Thus,  the  dynamic 
perturbation  takes  not{eaa^t|  values  only  during  the  transient  regimes  corresponding  to  rapid 

variation*  of  the  acceleration  to  he  measured. 

— *» 

2.4.)  Uncertainty  o.n  U-.e  ealculai  let-  of  atcelgrat iaa  devalued  by  the  electrostatic  auagea- 
alon  : 

The  previously  given  expression  of  acceleration  (Tv  ))  : 

f-  Cv.Vz)*  VCg 

w  JsM  £«• 

wp  ««  U  to  MgKl  t&ree  terae  ; 

Cy  • 

vitb  ^ 

a  =  7- 

*  SA  *«• 

f>  .  ji  £.  ^ 

if  .  -±-  £  V  vt 

1  i  —  !»• 

— •  «* 

Accelerations  l»  and  represent  eleetroetatlc  pecturhat  tons.  linear  and  tvtfra;  it 

ferret  lens  of  the  hall  pct«at !ai  V  .  Tie  last  tern.  ,  represent*  the  centre!  tUrittgt lea  xtully 

talcvUtcd  (from  the  vcltagc*  ^  transmitted  try  tciotetry  an i  the  value*  of  gradients  ?Cg 
by  the  calibrations). 

Thus,  the  uncertainty  n  It  elves  by  r  &ru  m  ♦  rv.  ♦ 


(10) 


i  -  Perturbation  linear  with  the  ball  potential,  (y 

As  far  as  the  arrangement  adopted  for  the  accelerometer  makes  It  possible  to  cancel  out  the 
virtual  charges  2  Ci'/i  (Eq.  6),  the  ball  voltage  V  jts  independent  of  the  voltages  VX  applied  to 
the  action  electrodes.  To  get  free  of  the  disturbance  ,  It  then  suffices  : 

-  either  to  maintain  at  zero  the  sum  tL  Vi  fey  using,  on  each  half  axis,  two  action 

electrodes  supplied  by  continuous  voltages  of  opposite  signs  (the  arrangement  adopted  for  Cactus), 

-  or  to  use  action  voltages  Vx  at  high  frequency  and  zero  mean  value  (e  solution  envisaged, 
for  instance,  for  Super-Cactus). 

ii  -  Perturbation  quadratic  with  the  ball  potential  : 


The  ball  potential  being  practically  : 

V  is.  S.  C  SCiVjL  o') 

Cfe 

this,  percurbation  writes  simply  : 

if.  =  f 

C>  being  the  ball  capacitance  relative  to  the  .page  and  electrodes  assembly,  which  almost  possesses  a 
spherical  symmetry,  the  perturbation  is  zero  (  Vt»*o)  when  the  ball  centre  is  at  a  point  Op  , 
called  force  zero,  and  located  close  to  the  geometric  centr  of  the  cavity. 

Noting  %  <g  OOp  ,  the  linearization  of  the  perturbation  expression  leads  to  : 


(x  -T) 


The  scalar  6  ,  representative  of  the  system  geometry,  is  of  the  order  of  4*l013/£,  ,  where  €. 
is  the  bail-cage  gap. 


To  minimize  the  electrostatic  i.  ’ration  obtained  for  low  acceleration  levels  (  X  — 
careful  positioning  of  the  detector’s  n  at  the  force  zero  must  be  ensured  (  %  -»  o  )  • 

iii  -  Uncertainty  on  the  control  acceleration  : 


In  the  absence  of  errors  on  the  measurement  of  ,'olut  g.  s  Vx  ,  the  uncertainty  Ml  is  given  by  : 

3;  s  rL  £  Vi*  (  vex  -  (12) 

where  are  the  values  provided  by  the  calibrations. 

In  reality,  the  noise  of  electronic  origin  issued  from  the  detectors  (circuits  functioning  at 
the  lowest  levels  of  voltage  and  Intensity)  propagates  to  the  servoloopa,  and  thus  is  responsible  for 
an  acceleration  noise  whose  r.m.s.  value  <*c  determines  the  resolving  power  of  the  rough  accelera¬ 
tion  measurements.  The  evaluation  of  does  not  present  any  difficulty,  account  being  taken  of  the 
detectors  resolving  power  and  of  the  transfer  functions  of  the  circuits.  For  the  noise  at  low  frequen¬ 
cies,  the  servocontrcl  can  be  represented  by  the  diagram  of  figure  4. 

The  closed  loop  gain  tends  towards  tu*  when  uo-»0  so  that  the  noise  spectral  densi¬ 

ty  intervenes  essentially  at  the  higher!  frequencies  within  the  electronic  circuits  bandwidth.  That 
makes  this  noise  easy  to  filter  during  data  processing,  and  makes  it  possible  to  exploit  position 
measurements  within  less  tha.  10"3pm  in  spite  of  the  low  frequency  noise  generated  by  the  sphericity 
defects  of  the  ball  (lO^um)  in  the  presence  of  slow  rotations  of  the  ball  relative  to  the  cage. 

2, a. 4  Conclusion 

We  have  seen  that  electrostatically  suspended  accelerometers  make  it  possible  po  obtain, 
without  any  statistical  processing,  measurements  of  slowly  variable  accelerations  (  -*  o  )  wich  a 

very  low  bias  (10“9  G  for  Cactus),  and  a  resolving  power  of  the  order  of  10"5  of  the  measuring  range. 

As  regards  precision,  it  essentially  depends  on  the  calibration  means  implemented. 

3  -  CALIBRATION  METHODS 


3.1  Ground  calibration  of  accelerometers 

3.1.1  Ground  measurement  of  cagacitance  gradients  (fig.  5) 

The  ball  is  positioned  in  front  of  the  system  of  electrodes  to  be  calibrated,  which  is  mounted 
on  a  support  simulating  the  cage.  The  positioning  bench  allows  in  particular  the  ball  displacement 
along  the  electrodes  axit ,  ensuring  a  great  stability  of  the  ball  electrode  distance  for  all  successive 
positions,  for  each  position,  the  distance  measurements  ( rl  along  the  displacement  direction?)  ate  per¬ 
formed  by  a  high  resolution  laser  interforemeter.  * 

For  each  value  of  A.  ,  two  capacitances  are  measured  : 


-  one,  noted  ,  is  thaf  of  the  electrode  relative  to  the  ball,  the  cage  and  the  screen  elec¬ 
trode  taken  together  ; 
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-  the  other,  noted  Cj  ,  is  that  of  the  electrode  relative  to  the  ball  only  advantage  being  taken 
of  using  a  screen  electrode  to  implement  an  "in  situ"  measuring  technique. 

These  two  sets  of  measurements  allow  the  definition,  by  identification,  of  two  functions  : 

C*.JmC«L'>  Cj  *  ^ 

As  there  is  not,  strictly  speaking,  a  total  influence  between  electrode  and  ball,  7Cn  is  the  capaci¬ 
tance  gradient  to  be  considered  for  the  calculation  of  the  electrostatic  force.  The  function 
allows  the  calculation  of  this  gradient  : 

VC*  a 

Furthermore,  to  use  the3e  results  it  is  necessary  to  be  able  to  identify  with  great  precision  the 
value  of  A  corresponding  to  the  operational  arrangement  of  the  ball-cage-electrodes  assembly,  and  to 
the  positioning  of  the  origin  of  the  position  detector  in  this  assembly.  This  possibility  is  provided 
by  the  measurements  of  Cj  ( *  ,  that  are  independent  of  the  spurious  capacitance  values  obtained 

in  the  various  mountings. 

The  distance  el  is  defined  by  the  inverse  f'  notion  of  : 

ju  Ccc^ 

II  is  difficult  to  evaluate  the  error  on  the  gradient  measurement,  as  this  is  essentially 
conditioned  by  the  choice  of  the  models  (functions  and  ).  For  Cactus,  designed  before  1975, 
this  error  was  lower  than  10-2  ;  but,  considering  the  improvements  brought  to  this  method  since  then 
M.  a  precision  of  10'3  can  reasonably  be  expected. 

5.1.2  Overall_tests  of  accelerometers  in  the  ONERA  weightlessness  facility 

ONERA  has  at  its  disposal,  at  Chatillon  near  Paris,  a  vertical  tube  90  m  high  and  0.75  m  in 
diameter,  where  the  dtop  duration  is  2.9  seconds  {j,.  A  set  of  primary  and  diffusion  pumps  makes  it 
possible  to  reduce  the  pressure  inside  this  tube  to  10"5  mbar,  which  limits  at  10“ 7G  the  aerodynamic 
drag  of  the  capsule  during  the  drop. 

The  accelerometer  to  be  tested  is  mounted  inside  the  capsule  so  that  two  of  its  axes  are  hori¬ 
zontal.  The  external  disturbances  acting  along  these  two  axes  are  then  very  small,  of  the  order  of  a 
few  10“^G. 

The  weightlessness  facility  is  the  only  means  for  testing  the  operation  of  ultra-sensitive 
accelerometers,  because  the  maximum  measurable  acceleration  is  very  small  as  compared  to  the  Earth 
gravity. 


A  test  consists  in  analyzing  the  operation  of  the  electrostatic  suspension  during  the  drop 
duration.  The  main  difficulty  results  from  the  limitation  at  2.9  seconds  of  the  test  duration,  while 
accelerometers  such  as  Cactus  have  response  times  of  the  order  of  5  seconds,  This  difficulty  can  be 
somewhat  overcome  by  equipping  the  accelerometer  with  electronic  circuits  delivering  higher  voltages, 
so  that  testing  takes  place  within  a  less  sensitive  range  (e.g.  10'4-10*®G)  within  which  response 
times  are  much  smaller. 

The  teat  capsule  is  also  equipped  with  a  device  for  positioning  the  accelerometer  proof  mass 
at  the  cage  centra  from  the  beginning  of  the  test  :  for  this,  it  suffices  to  provoke,  by  displacement 
of  a  small  masa  inside  the  capsule,  a  rapid  translation  of  the  capsule  centre  of  mass  in  the  drop  di¬ 
rection.  The  proof  mass  which,  at  the  start,  was  resting  on  the  cage,  is  thus  brought  to  the  cage 
centre  if  the  device  is  so  designed  that  the  translation  amplitude  is  equal  to  the  ball-cage  gap  of  the 
accelerometer  under  test. 

In  spite  of  these  arrangements,  the  accelerometer  can  only  be  tested  in  transient  regime.  The 
recording  or  all  measurements  provided  by  the  instrument  during  the  test  makes  it  possible,  by  compari¬ 
son  with  results  of  numerical  simulations  taking  into  account  all  the  test  conditions,  to  make  sure  of 
the  coherence  of  its  operation.  This  method  permits  the  discovery  of  any  defect  likely  to  affect  the 
operation  of  the  instrument,  and  expressed  by  perturbing  accelerations  as  low  as  5»10'9G. 

3.2  In-orbit  overall  calibration  of  the  accelerometer 

The  in-orbit  characterization  of  the  accelerometer  aims  at  : 

-  checking  the  value  of  t^e  calibration  coefficients  (coefficients  corresponding  essentially 
to  the  values  of  the  gradients  VC*  of  the  electrode-ball  capacitances), 

-  estimating  of  the  biases  of  the  instrument  !  the  estimation  error  of  these  biases  constitutes 
the  threshold  of  the  accelerometer, 

_*  The  principle  adopted  for  the  calibration  consists  in  creating  a  known  inertial  acceleration 
'lK ,  by  imposing  to  the  satellite  a  high  spinning  rate  .Tk  and  creating  a  known  off-centering  X  along 
the  axis  to  be  calibrated. 

To  calibrate  the  axis  •*.  for  instance  (fig.  6),  the  ra£e  .Tl  is  imposed  by  the  start  of  the  ro¬ 
tation  of  a  wheel  around  axis  ^  (or  m  ),  and  off-centering  X  is  obtained  by  displacement  of  a  small 
mass  along  xT  over  a  known  distance.  0 

— *  r* 

Supposing  £k  and  A  constant,  we  have  ! 

TV*  ~  ft-**  [ X]  * 


This  acceleration  car,  be  calculated  with  a  good  precision,  knowing  X  by  measurement  of  the  small  mass 
position,  and from  the  values  provided  by  the  satellite  attitude  restitution.  However,  the  calibration 
is  carried  out  in  the  presence  of  accelerations  other  than  : 

Ty  O  C  re  ♦  *1*  -  )  *  rXA 

The  principal  errors  are  due  to  the  variations  Of  acceleration  ,  of  which  we  have  precise 
measurements  only  before  and  after  the  calibration  operation. 

So,  to  minimize  calibration  errors,  it  is  advisable  to  carry  out  these  operations  when  Vg 
is  minimum  (at  apogee,  in  the  Earth  Shadow),  and  to  choose  Si  and  A  in  such  a  way  that  acceleration 
fj  is  close  to  the  maximum  value  allowed  to  the  accelerometer. 

Estimation  of  the  biases  is  obtained  by  statistical  processing  of  the  measurements.  The 
principle  rests  on  the  fact  that,  in  the  accelerometer  framqof  reference,  the  biases  are  expressed 
by  constant  accelerations,  while  the  external  acceleration  Tj  rotates,  in  this  reference  frame,  at 
the  satellite  spinning  rate.  Whatever  the  method  used,  it  is  thus  mandatory  to  have  available  batches 
of  measurements  which,  for  a  same  value  of  external  acceleration  (e.g.  at  apogee  in  the  shadow), 
correspond  to  sufficiently  varied  attitudes  of  the  satellite. 

These  principles  have  been  applied  for  the  in-orbit  calibration  of  Cactus.  Obviously,  they 
can  only  be  used  if  the  satellite  carrying  the  accelerometer  has  been  designed  accordingly. 

4  -  THE  CACTUS  ACCELEROMETER 


4.1  Description  and  performance 

The  inertial  mass,  of  spherical  shape,  is  made  of  platinum-rhodium  alloy  ;  it  has  a  diameter 
of  about  4  cm,  a  mass  of  600  g,  and  is  coated  with  a  2-ym  thick  gold  deposit.  The  shape  defects,  ex¬ 
pressed  in  difference  of  sphericity,  are  lower  than  0.1  u». 

The  cage  surrounding  this  ball  is  made  of  a  stainless  alloy,  also  gold  plated.  The  gap  between 
ball  and  cage  is  85  Mm  wide,  and  their  maximum  relative  displacement,  corresponding  to  the  highest 
accelerations  applied,  is  10  pm. 


This  displacement  is  measured,  on  each  of  the  three  orthogonal  axes,  by  a  pair  of  electrodes 
making  up,  with  the  ball,  a  capacitive  bridge.  The  resolution  of  the  position  transducer  is  10"3  pm, 
and  its  stability  7.10“3  pm  per  degree  C  of  temperature  variation.  The  position  detection  electrodes 
are  concentric  with  the  electrodes  developing  the  control  forces  of  electrostatic  nature,  called 
"action"  electrodes  (fig.  7).  For  reasons  of  electrostatic  balance  (see  section  2.2  and  Eq.  6),  these 
latter  electrodes  are  supplied,  on  each  half-axis,  by  two  equal  voltages  of  opposite  sign. 


The  two  electrodes  of  each  half -axis  being  supplied  or  not  according  to  the  sense  of  displa¬ 
cement  of  the  ball,  there  results  that  the  relation  between  the  component  along  the  axis  considered 
(e.g*  at)  of  tV  control  acceleration,  Ty*  ,  and  the  value  of  the  two  voltages  applied,  sit,  and  -  0*.  , 
is  of  quadratic  (■  ••-.  This  conformity  law  leads  to  a  dynamic  response  which  depends  on  the  level  of 
acceleration  app  Ltd.  Figure  8  gives  the  responses  of  the  instrument,  expressed  as  the  ratio  between 
the  instantaneous  value  of  the  measured  acceleration  Cg  and  that  of  the  applied  acceleration  Tg  , 
for  three  steps  of  applied  acceleration,  equal  respectively  to  10'8,  10-7  and  10'6G, 


Cactus  presents  itself  as  a  self-contained  assembly,  comprising  the  cage  with  the  ball,  the 
servocontrol  electronic  circuits,  those  for  conditioning  the  measuring  signals,  and  the  tubes  con¬ 
necting  the  inside  of  the  cage  to  the  space  vacuum.  A  meclianical  support  used  as  a  reference  makes  it 
possible  to  place,  during  its  mounting,  the  ball  centre  reference  as  close  as  possible  to  the  satellite 
centre  of  mass. 


The  nominal  characteristics  of  Cactus  are  as  follows  : 

.  Measuring  range  (modulus  of  acceleration  vector) 

.  Bias  lower  than 

.  Resolution  (at  low  accelerations) 

.  Conformity  law 

.  Precision  of  sensitivity  coefficient  (error  from 

conformity  law) 

.  Response  time  at  5%  : 

-  at  low  accelerations 

-  at  high  accelerations 

.  Domain  of  no  damage 
,  Electric  conjumption 
.  Operating  temperature 
.  Mass 
.  Volume 


10'5C 

lO^G 

2xlO'10G 

quadratic 

10'2 
6  sec 

2  sec 
5  G 
2  W 

-  20  to  +  40“C 
10  kg 
10  dm3 


4.2  Scientific  results  obtained  on  board  the  Castor  satellite 

The  orbit  of  the  Castor  satellite  had  a  perigee  of  270  km  and  an  apogee  of  1200  km,  with  an 
inclination  of  30“  on  the  equatorial  plane.  The  forces  acting  on  the  satellite,  and  measured  by  Cactus 
in  terms  of  acceleration,  comprised  on  one  hand  the  atmospheric  drag  and,  on  the  other  hand,  radiation 
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pressures,  viz.  those  due  to  the  direct  solar  radiation,  the  solar  radiation  backacattered  by  the 
Earth,  the  thermal  radiation  of  Earth,  and  the  anisotropic  thermal  radiation  of  the  satellite,  whose 
surface  temperatures  were  widely  different  between  the  lighted  zone  and  the  opposite  side. 

From  the  knowledge,  at  any  time,  of  the  satellite  position  along  its  orbit,  as  well  as  of  its 
attitude,  it  has  been  possible  to  separate  the  componento  of  these  various  accelerations,  as  well  as 
those  due  to  the  biases  of  the  instrument.  The  data  processing  method,  developed  by  the  Centre  for 
Geodynamic  and  Astronomic  Studies  and  Research,  Grasse,  Southern  France,  made  it  possible  to  exploit 
a  resolution  of  : 

-  10-10  G  for  any  individual  measurement  of  low  acceleration  (lower  than  10_f,G) , 

-  10  11  G  by  statistical  processing  of  a  large  number  of  measurementafalso  for  accelerations 
lower  than  10-8  G) , 

The  few  following  results  are  given  as  examples  : 

-  Atmospheric  density  f6^_.  Figure  9  represents  the  curves  of  equal  value  of  the  ratio  : 

observed  density  /theoretical  density,  the  latter  being  that  given  by  the  Jacchia  model  71  ,  The 

measurements  revealed  density  variations  as  a  function  of  longitude,  that  the  theoretical  models  did 
not  mention. 

-  Earth  infrared radiationCsJ  .  Figure  10  presents  a  histogram  traced  from  the  meau  values 
from  the  acceleratlon'due  to”thIs*'ra3Iation,  and  taken  on  211  arcs  of  orbit,  of  5  minutes  duration  each. 
The  dispersion  observed  results  non  onlv  from  the  measurement  uncertainties,  but  above  all  from  the  dif¬ 
ferences  of  thermal  emission  of  the  overflown  zones  (oceans,  continents,  cloud  covers).  More  detailed 
processings  revealad  systematic  differences  between  oceans  and  continents,  or  between  equatorial  and 
tropical  zones,  and  these  differences  are  in  good  agreement  with  radiometric  measurements  from  space. 

-  Own  thermal  radiation  of  the  satellite  M-  The  anisotropy  of  this  radiation  is  emphasized  on 
figure  11,  which  presents  the  lecrease'of  tKe  corresponding  acceleration  when  the  satellite  enters  the 
Earth  shadow.  This  decrease  is  due  to  the  re-equilibrution  of  the  surface  temperatures  following  the 
disappearance  of  solar  radiation. 


5  -  FURTHER  PROJECTS 
5.1  The  Super-Cactus  project 

A  study  carried  out  on  request  from  the  European  Space  Agency  showed  the  feasibility  of  a  new 
generation  of  this  type  of  accelerometer-called  Super-Cactus-  ,  with  a  precision  improved  tenfold  JV]  . 
Its  main  expected  characteristics  are  as  follows  : 


.  Measuring  range  10'7G 

.  Bias  l(TnG 

.  Resolution  2  10"1!G 

.  Response  time  at  IX  17  sec 

.  Electric  consumption  3  W 


The  structure  planned  for  Super-Cactus  is  very  similar  to  that  of  Cactus,  the  sensitivity 
increase  being  obtained  by  : 

-  new  electronic  circuits  for  the  capacitive  measurement  of  the  relative  position  of  the  ball, 
characterized  by  a  better  thermal  and  temporal  stability  ; 

-  a  new  technology  for  the  construction  of  the  cage,  increasing  its  dimensional  stability  j 

-  an  optimization  of  the  characteristics  of  the  position  servocontrol  for  a  measuring  range 
shifted  towards  lower  accelerations. 

Super-Cactus  has  been  designed  with  a  view  to  constitute  the  payload  of  a  satellite  measuring 
the  Earth  radiation  budget  (project  Biramis,  of  ESA).  It  is  shown  that,  if  the  satellite  has  a  spheri¬ 
cal  shape  and  if  its  surface  displays  certain  thermo-optical  properties,  the  acceleration  imparted  on 
it  under  the  influence  of  the  radiation  pressures  of  various  sources  constitutes  a  vector  measurement 
of  the  local  resultant  of  the  energy  fluxes  emitted  respectively  by  these  sources.  An  appropriate 
processing  of  this  vector  would  yield  the  determination  of  the  energy  exchange  between  Earth  and  space 
at  ell  points  of  the  orbit.  Moreover,  a  statistical  processing  of  measurements  issued  from  several 
satellites  of  the  same  nature  would  make  it  possible  to  calculate  the  global  radiation  budget  of  the 
Earth,  a  fundamental  value  in  climatology  [lo]  . 

5.2  Projects  of  accelerometers  with  linear  response 

The  experience  acquired  with  Cactus  and  the  progress  achieved  at  ONKRA  in  the  field  of  capa¬ 
citive  metrology  open  the  way  to  the  concept  of  three-axis  electrostatic  accelerometers  witn  a  linear 
response,  adapted  to  the  measurement  of  accelerations  lower  than  10“3G. 

A  measuring  range  from  10'3G  to  10"7G  can  be  envisaged,  in  particular  for  space  applications, 
as,  on  one  hand,  these  values  correspond  to  the  accelerations  obtained  in  "laboratory  satellites"  and, 
on  the  other  hand,  the  accelerometers  developed  for  inertial  navigation  are  poorly  adapted  to  operate 
in  this  range,  where  their  precision  and  their  resolution  are  insufficient.  For  the  electrostatically 
suspended  accelerometer,  the  expected  precision  is  10”3,  which  corresponds  to  the  present  possibilities 
for  measuring  the  gradients  of  the  ball-electrodes  capacitances.  The  resolution  depends  on  the  filtering 
performed  on  the  measurements,  but  would  any  way  be  better  than  10-7C. 
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In  spite  of  the  polarization  voltages to  be  applied  to  the  action  electrodes  In  order  to 
obtain  a  linear  characteristic,  the  resulting  bias  is  fexpected  to  be  lower  than  3*10"6G,  with  a  stabi¬ 
lity  of  10~?G.  As  compared  with  Cactus,  the  sensitivity  of  these  accelerometers  would  be  lower,  but 
on  the  other  hand  their  responses  would  be  faster  :  0.2  sec  for  the  response  time  at  1Z  to  an  accelera¬ 
tion  step  (which  corresponds  to  a  natural  frequency  of  the  order  of  5  l!s). 
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Fig.  1  -  Definition  of  the  geometric  variables 
Galilean  reference  frame 
s  satellite-related  reference  frame 
§  s  satellite  centre  of  mass 
O  :  origin  of  position  detector 
6  :  ball  centre  of  mass 

X  *•  ^0  :  off-centering 

X  :  measured  position  of  the  ball. 


-  Electrostatic  force  :  notations 

Co  :  ball-cage  capacitance 
Cj,  :  capacitance  of  electrode  relative 
to  the  bail 

Yi_  :  potential  of  electrode 

VCi  :  gradient  of  capacitance 
Q  and  V  :  charge  and  potential  of  the  ball. 
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Fig.  1  -  bloc  It  diagram  of  one  servo- 
c  ontrol  channel 


Pci,ii0h  5* 

e  -  ^ervoconti..1!  diagram  for  low  noits 
frequences 


SUctromc* 

m 


Elect!  rode* 
•smI  boll 


I 

V  ) 

i 

_  Acwlsrftion 
°rc  nolle 


<L _ Serten  *hctf(Xh 

- Ehctrode 

OuMdttnct  1  _ 


-  Measurement  of  gradient 


11 


Fig.  6  -  Principle  of  in-orbit  calibrt 
tion. 
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Fig.  8  -  Responses  to  accelera¬ 
tion  steps 
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Fig.  11  -  Component  of  the  measu¬ 
red  acceleration,  along 
the  axis  of  thermal 
thrust,  when  the  satel¬ 
lite  (inters  the  Earth 
shadow  (measurements 
averaged  over  short  time 
Intervals) 


Fig.  9  -  Measurements  of  atmospheric  density  between 
30*  latitude  South  and  30*  latitude  North, 
and  comparison  with  a  theoretical  model  of 
atmosphere 
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Fig.  10  -  Histogram  of  the  accel¬ 
eration#  applied  to  the 
satellite  and  due  to  the 
Earth  infrared  radiation. 

Statistics  on  211  area 
o  f  orbit 
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INERTIAL  SYSTEM  ALIGNMENT  AND  CALIBRATION 
ON  A  MOVING  BASE 

Mario  B.  Ignagni 
Honeywell,  Inc. 
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2600  Ridgway  Parkway 
Minneapolis,  Minnesota,  USA  55413 


SUMMARY 

The  problem  of  optimally  aligning  and  calibrating  an  inertial  navigation  system  on  a  moving  base 
is  addressed.  A  comprehensive  solution  to  this  class  of  problems  is  given  and  shown  to  be  optimal, 
subject  only  to  structural  constraint  normally  imposed  by  practical  implementation  limitations. 


1.  INTRODUCTION 


The  alignment  and  calibration  of  an  inertial  navigation  system,  while  on  a  moving  base,  represents 
an  important  class  of  problems  encountered  in  both  air-launched  and  ship-launched  vehicle  applications. 
The  problem  of  interest  is  that  of  optimally  establishing  a  slave  inertial  system's  attitude,  velocity, 
and  position  relative  to  a  geographic  navigational  reference  frame,  and  an  estimate  Of  its  sensor  cali¬ 
bration  errors,  by  means  of  information  obtained  from  a  master  navigation  system  aboard  the  transport 
vehicle.  The  master  navigation  system  may,  in  general,  be  aided  from  some  external  source  of  navi¬ 
gation  information  and  may  also  be  of  a  different  generic  type  than  the  slave  (such  as  a  platform 
master  system  and  a  strapdown  slave  system).  Aiding  of  the  master  system  and  transfer-alignment/ 
calibration  of  the  slave  system  are  assumed  to  be  carried  out  utilizing  Kalman  estimation  techniques. 

The  solution  to  be  developed  assumes  that  the  aided  master  system  is  completely  independent  of 
the  slave  system  during  the  transfer-alignment/calibration  process.  This  is  a  reasonable  assumption 
from  two  points  of  vie-*.  First,  the  slave  system  is  generally  of  lower  precision  than  the  master  and, 
hence,  would  contribute  little  or  no  improvement  to  the  estimation  accuracy  of  the  master's  errors. 
Second,  if  the  master  system's  Kalman  estimator  were  generalized  to  include  information  from  the 
slave  system,  the  dimension  of  the  resultant  estimator  would  be  prohibitively  large,  since  all  of  the 
slave's  error  states  would  of  necessity  have  to  be  augmented  to  those  of  the  master. 

The  solution  given  is  based  on  the  idea  that,  as  a  first  step,  the  alignment  and  calibration  of  the 
slave  system  can  be  carried  out  as  though  the  master  system  were  error  free.  Then,  as  a  second 
step,  the  alignment  and  calibration  of  the  slave  con  be  refined  by  introducing  the  master  system's 
estimate  of  its  own  errors  into  the  process.  This  two-step  procedure  is  shown  to  yield  an  optimal 
result  subject  to  the  structural  constraint  defined  above. 

The  transfer-alignment/calibration  process  is  specifically  defined,  in  the  development  to  follow, 
for  the  case  of  velocity  matching.  However,  this  is  not  an  inherent  limitation  since,  in  general,  the 
method  allows  both  attitude  and  position  matching  to  be  incorporated  as  well,  either  singly  or  in 
combination  with  velocity  matching. 

2.  NAVIGATION  ERROR  MODEL 


The  navigation  error  model  assumed  in  the  development  is  a  "♦ -angle"  formulation,  which  is  a 
classic  set  of  navigation  error  equations  applicable  to  all  mechanization  options  (Reference  1).  The 
t  orr  le  error  model  may  bo  expressed  in  the  following  form 


-  (p  +Q)  x  t 

(1) 

-  t  X  AL  -  (2Q  +  p  )  x«V  -  (D2  6R 

s 

(2) 

+  3d,2  (6R  •  R/|R|)  R/(r|  +  6g 

3 

-  p  x  6R 

(3) 

where 


t  °  attitude  error  vector 
6V  *  velocity  error  vector 
6R  =  position  error  vector 

p  =  angular  velocity  vector  of  local-vertical  reference  frame  relative  to  an 
earth -fixed  frame 
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0  =  angular  velocity  vector  of  the  earth  relative  to  an  inertial  frame 

»  vehicle  non-gravitational  acceleration 
R  °  radius  vector  from  earth's  center  to  vehicle 
so  =  schuler  frequency  n  Vg/R* 

3 

ig  =  angular  rate  error  due  to  gyro  errors 

c  °  acceleration  error  due  to  accelerometer  errors 
a 

5g  =  error  in  computed  plumb -bob  gravity  vector 

It  is  assumed  that  all  vectors  are  expressed  with  components  in  the  local-vertical  navigation 
reference  frame. 

The  vectors  tg  and  *a  may  be  further  expressed  in  terms  of  individual  sem-or  errors  as 

<  »  T  M  fi'JD 

g  g  g  g 


where 


»  T  M  SA 
a  a  a 


»  vector  of  gyro  errors  (bias  plus  random  noise) 

6A  =  vector  of  accelerometer  errors  (bias  plus  random  noise) 
a 

»  transformation  matrix  relating  gyro  reference  axes  to  the  local-vertical  frame 

T  c  transformation  matrix  relating  accelerometer  reference  axes  to  the  local-vertical 
frame 


M  a  coefficient  matrix  which  transforms  the  collection  of  gyro  errors  into  a  net  angular 
®  rate  error  in  the  gyro  reference  axes 

M  H  coefficient  matrix  which  transforms  the  collection  of  accelerometer  errors  into  a  net 
acceleration  error  in  the  accelerometer  reference  axes 

For  the  purposes  of  the  discussion  to  follow,  the  generalized  navigation  error  model  will  he  written 
in  the  following  discretized  form  [Reference  2]: 


Ax  .  B  b  +4g  +  § 

n  n-l  n  n  n  n 


b  *>  F  b  .  ♦  a 
n  n  n-l  n 

where  x  ta  the  vector  of  navigation  errors  defined  by 


(4) 

(5) 


and 


x  -  (♦  6V  4R) 

b  B  vector  of  sensor  bias  errors 

5,u  *  random  vector  sequences  uncorrelatcd  in  time  and  with  respect  to  each  other 

n  *  iteration  designator 

with  A.  B,  and  F  being  time-variant  coefficient  matrices.  An  important  property  of  the  error  model 
which  will  be  utilized  to  advantage  i9  that,  regardless  of  the  mechanization  option  (i.e. ,  strapdown, 
platform,  ESG),  the  coefficient  matrix  A  is  ■'(ways  the  same.  This  is,  however,  not  true  of  the  matrix 
B,  which  is  strictly  determined  by  the  particular  mechanization  option.  These  properties,  which  may 
be  Inferred  directly  front  eolations  (l),  (2),  and  (3),  are  discussed  at  length  in  Reference  3.  It  will 
also  be  noted  from  (5)  *h»'  he  general  case,  provision  Is  made  for  time -correlated  sensor  biases 
(i.e.,  Gauss-Markov  proi  ). 

The  generic  error  model  given  by  (4)  and  (5)  will  bo  utilized  in  the  treatment  of  both  the  master 
and  slave  systems  which  follow. 


3.  THE  AIDED  MASTER  NAVIGATION  SYSTEM 


The  master  navigation  system  is  assumed  in  general  to  have  access  to  external  aiding  information, 
such  as  that  provided  by  the  Global  Positioning  System  (GPS)  or  LORAN,  and  to  possess  the  computa¬ 
tional  capability  to  optimally  utilize  this  aiding  information,  which  means,  in  the  latter  instance,  that 
the  master  navigation  system  has  its  o  vn  dedicated  Kalman  estimator  to  allow  continual  update  of  its 
navigational  states  and  sensor  calibration  coefficients. 


The  navigational  error  model  for  the  master  system  is  taken  from  (4)  to  be  defined  by 
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m 

n 


a 


A 

n 


+  B 


m,  m 
b 
n 


(el 


where  it  is  assumed  that  the  master's  bias  vector  (bm)  is  essentially  constant  and  that  the  vector  5 
(arising  from  sensor  random  noise)  is  absent  or  ignorable.  Both  o'  these  restrictions  are  generally 
satisfied  in  high-precision  navigation  systems,  and  it  may  be  presumed  that  the  master  navigation 
system  would  normally  be  a  member  of  such  a  class  of  systems. 


The  measurement  equation  for  the  master  navigation  system  can  be  written  in  the  following 
generalized  form 


m 


hmx 
n  n 


.X  , 
Hr  +  TT 
n  n 


where 


(7) 


ym  °  measurement  vector  for  the  master  system 
xm  =  vector  of  master  system's  navigational  errors 

r  =  vector  of  error  states  associated  with  the  external  aid  and  gravity  error  model 


Hm.Hr 


„m 


a  observation  matrices 
a  observation  noise  vector 


All  of  the  states  associated  with  the  aided  mastor  system  can  be  adjoined  to  form  the  state  vector, 
z,  defined  by 

,  m  .  m  .T 
z  °  (x  b  r) 

which  may  be  recursively  estimated  by  means  of  the  conventional  Kalman  estimator  (Reference  4): 
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*  z  . 
n  n-1 

(8) 

«  P  ,  » 1  +  Q 
n  n-1  n  n 

(9) 

P~  L1  (L  P'  L1  ♦  R  f 1 

(10) 

n  n  n  n  n  n 

2  +  K  (ym-  l.  £') 

(11) 

n  n  n  n  n 

(I  -  K  L  )  P' 
n  n  n 

(12) 

where 


i 

n 


,£ 


n 


apriori  and  aposlcriori  estimates  of  z  at  the  n  th  update  point 


P  ,P  » 
n  n 


apriori  and  ^posteriori  estimation  error  covariance  matrices  at  the  n  th  updat>  >. 

state  transition  matrix  from  (n-1)  th  to  n  th  update  points 

gain  matrix 

observation  matrix 

process  noise  covariance  matrix 


observation  noise  covariance  matrix 
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The  estimation  error  covariar  matru  of  z  is  defined  in  partitioned  form  as 


Pm 

X 

xb 

Pm 

XT 

mT 

Pm 

Pm 

xb 

Pb 

”br 

pUiT 

XT 

br 

P 

a* 

with  the  matrices  ♦,  L,  Q,  and  K  be  partitioned  in  like  manner. 

The  Kalman  estimator  for  the  master  system  will,  as  noted  earlier,  be  taken  as  completely  inde¬ 
pendent  of  the  slave  system;  that  is,  no  information  from  the  slave  system  will  be  assumed  to  enter 
into  the  estimation  of  the  master  system's  states. 

4.  TRANSFER -ALIGNMENT/ CALIBRATION  OF  THE  SLAVE  NAVIGATION  SYSTEM 

4. 1  Initialization  of  the  Slave  System 

The  slave  navigation  system  is  normally  initialized  by  a  direct  transfer  of  navigational  information 
derived  from  the  master  system.  The  master's  velocity  and  position  components  in  the  local -vertical 
reference  frame  are  transferred  directly  into  the  slave,  after  being  suitably  adjusted  for  the  known 
separation  between  the  two  systems .  The  initial  attitude  of  the  slave  system  is  derived  from  the 
master's  knowledge  of  vehicle  attitude  and  the  approximately -known  attitude  of  the  slave  system  relative 
to  the  vehicle  frame.  The  initialization  process  defined  results  in  initial  slave  velocity,  position,  and 
attitude  errors  which  are  equal  to  the  corresponding  errors  in  the  master  system,  plus  the  relative 
errors  arising  from  vehicle  flexure,  the  uncertainty  in  the  slave's  attitude  relative  to  the  vehicle  frame, 
and  the  uncertainty  in  the  displacement  between  the  master  and  slave  systems. 

4.2  The  Measurement  Process 

The  slave  navigation  system  is  assumed  to  be  aligned  and  calibrated  by  velocity  matching  with  the 
master  system,  utilizing  its  own  dedicated  Kalman  estimator.  The  measurement  equation  for  the  slave 
system  is  defined  for  the  velocity -match  process  as  follows 

y8  “  V1"  +  VL  -  Vs  03} 

where 

»  velocity  vector  computed  by  master  navigation  system 
V  «  velocity  vector  computed  by  slave  navigation  system 
»  lever-arm  velocity  correction 

■  v  x  l 
and 

*  E  vehicle  angular  velocity  vector 

4  =  displacement  vector  between  master  aivd  slave  navigation  systems 

The  measurement  equation  may  be  expanded  by  utilizing  the  following  relationships 


,,m  .. 

V  *  V  ♦  6V  (14) 

V8  *  V  +  V,  +  V,  ♦  6  V*  (IS) 

o  i,  d 

where 

Vq  ■  true  vehicle  velocity  at  master  navigation  system  location 

V  *  extraneous  velocity  at  slave  navigation  system  location  due  to  vehicle  flexure 

6V'1  =  velocity  error  of  master  navigation  system 

g 

6V  *  velocity  error  of  slave  navigation  system 


Utilizing  Equations  (!4)  and  (15)  in  (13)  yields  the  following  form  for  the  volocit;  -match  measurement 

equation  proerssed  by  the  slave  Kalman  estimator  (assuming  a  perfect  V  correction): 

L# 
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Before  differencing  master  and  slave  velocities,  and  processing  through  a  Kalman  estimator,  it  is 
possible  to  prefilter  each  set  of  velocity  measurements  to  remove,  to  a  large  degree,  the  effect  of  the 
flexure-induced  velocity  (Vj).  Prefiltering  is  commonly  utilized  to  advantage  in  Kalman  estimator 
designs  when  measurements  are  available  at  a  much  higher  rate  than  it  is  possible  or  desirable  to 
process  them.  A  convenient  type  of  prefilter  to  employ,  when  the  measurement  is  corrupted  primarily 
by  high-frequency  noise,  is  a  first-order  lag.  The  time  constant  of  the  lag  can  be  chosen  to  produce  a 
desired  degree  of  attenuation  of  the  noise  in  the  measurement,  while  leaving  the  signal  component 
essentially  unaltered.  Furthermore,  if  the  Kalman  estimator  update  interval  is  on  the  order  of  two 
or  more  times  greater  than  the  natural  period  of  the  flexure  motion,  the  preflltered  measurement 
noise  may  be  accurately  represented  at  the  Kalman  estimator  update  points  by  an  uncorrelated  random 
sequence  [Reference  5).  Therefore,  it  will  be  assumed  that  the  series  of  measurements  utilized  in  the 
velocity -match  Kalman  estimator  can  be  faithfully  represented  by 


y9  =  fiv1*  -  SVS  +  (16) 

3 

where  Tj  is  an  uncorrelated  random  sequence. 

4.3  The  Differential -State  Estimator 


From  the  generic  form  of  the  navigation  error  model  given  by  (4)  and  (5),  error  propogation  in  the 
slave  system  is  taken  to  be  defined  in  general  hy 


=  A  x  . 
n  n-1 


+  Bs  bs  *■  ftg  +  5S 
n  n  °n  n 


(17) 


b 


s 


n 


n 


1 


(18) 


It  is  clear,  therefore,  that  the  difference  between  the  master's  and  slave's  navigational  errors,  defined 
by 


Ax 


can  be  completely  determined  by  subtracting  equation  (17)  from  (6).  to  yield  the  result 


Ax 


A  Ax  , 
n  n-1 


-  BSbS  +  Bmbm  -  5S 
n  n  n  n 


(18) 


in  which  the  absence  of  the  gravity  error,  6g.  will  be  noted. 

Returning  to  the  velocity -mateh  measurement  equation,  it  is  evident  that  the  following  alternate 
formulation  is  possible 

y*  »  II  (Ax  b3) J  ♦  T>3  (20) 

n  n 

where  K  Is  the  observation  matrix  defined  by 


H  3  IH  Qi 

and 

li  »  [0  1  0! 
x 


A  velocity -match  Kalman  estimator  can  be  predicated  on  the  bast*  Of  (18)  and  (19)  defining  the 
state  equations,  and  (20)  providing  the  measurement  relationship.  A  complication  arises,  however, 
due  to  the  presence  of  the  master's  bias  vecior.  bm,  in  the  state  equations.  A  unique  method  of 
dealing  with  biases  in  Kalman  estimators  has  been  suggested  by  Friedland  in  Reference  6,  and  surne 
essential  elements  of  this  method  can  be  incorporated  into  the  transfer  •alignment  problem.  The 
following  development  utilizes  Uve  central  idea  of  Frledtand's  method  in  a  modified  form  more  suited 
to  the  problem  at  hand. 

4.4  The  Bias -Free  Estimator  of  Ax  and  bs 

Suppose  that  the  master's  bias  vecior  bR1  is  ignored  (that  is.  assumed  to  be  zero)  in  (19).  and  that 
a  Kalman  estimator  Is  defined  which  produces  estimates  of  ax  and  btt  utilizing  the  process  equations 


AX 


A  Ax  -  BS  b® 
n  n-I  n  « 


-  t 


F9  bS  ,  +  u9 
n  n  - 1  n 
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and  the  velocity -match  measurement  equation  (given  previously.  The  estimate  of  Ox  and  b"  will  then 
be  defined  by  the  following  Kalman  estimator  recursive  sequence 

~8-  .  —S 

z  •  A  z  ,  (21) 

n  n  n-1 

?B'  =  A  ?V  AT  +  Q®  (22) 

n  n  n-1  n 

lca  »  fs*HT(HPS*HT  +  R8)'1  (23) 

n  n  n  n 


z  az  +K(y  -  Hz  ) 
n  n  n  vn  n 


P3  »  <!-KSH)P8' 
n  n  n 


where 


s  .  s.T 

z  °  (AX  b  ) 


/V  It  -*  /V  g  3 

z  *  ,  z  =  apriori  and  aposteriori  estimates  of  z  when  the  master's  bias  is  assumed  to  be 

r-ere 

,  P3  -  computed  apriori  and  aposteriori  estimation  error  covariance  matrices  of  z3 
when  the  master's  bias  is  assumed  to  be  zero 


K3  =  gain  matrix 


The  matrices  Q3  and  Rs  are  the  slave  system's  process  and  measurement  noise  covariance  matrices, 
defined  by 

E(sY‘V) 

-  9  sT 
o  E(u  a  ) 

R8  -  E(1lVT) 


and  u  defined  in  partitioned  form  as 


is 

P8 

ixb 

p#T. 

asb 

f* 

b 

The  Initial  value  of  P8  is  chosen  as 

i’f  (o)  o 

Pa  .  4S 

°  °  Pu  (oi 

fi  g 

where  V&x  (o)  is  the  covariance  matrix  of  the  initial  estimation  error  in  &x0.  and  S'jt  <o)  is  the  error 
covariance  matrix  is;-  the  initial  estimate  of  the  Sieve's  sensor  biases.  The  initial  error  covariance 
matrix  Pjfs(o)  s«,  as  a  re  ,,ult  of  the  initialisation  pi  .ices#  defined,  deternxined  entirely  by  the  relative 
errors  originating  from  vehx«J**  flexure,  the  uncertainty  in  the  slave's  attitude  relative  to  the  vehicle 
frame,  and  the  uncertainty  in  the  displacement  between  the  master  and  slave  systems.  Ibis  follows 
from 

s  m  r 

x  »x  ♦  x 
o  o  o 


The  designator  "o"  is  used  throughout  tv  indicate  the  time  point  at  which  the  transfer  -alignment 
process  begins. 
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where 


m  s 

x  ,  x 
o  o 


which  leads  to 


p!  (o) 

AX 


and,  because  the  ir.i 

i3  =  Sm) 

o  o' 


initial  master  and  slave  navigational  error  states 
initial  error  in  correction  for  relative  effects 


E  (Ax  -  A*  )(Ax  -  Ax  P 
L  o  0  0  o  . 


tial  estimates  of  the  master  and  slave  navigational  errors  are  equal  (i.e. , 


p>’ 


[* 


m  sw  m  s».T  | 

„  -  x  ){x  -  x  ) 

O  o  o  0  J 


,,  ,  r  rT. 
°  L  (x  x  ) 
o  o 


Also,  since  the  relative  errors  are  independent  of  the  master  system,  the  initial  estimation  error  in 
Ax  is  uncorrelated  with  all  errors  of  the  master.  This  is  a  key  fact  tc  be  utilized  in  the  later 
development. 

4.  5  The  Perfectly-Known-Bias  Estimator  of  Ax  and  b3 

The  bias -free  case  is  closely  related  to  the  case  where  the  master’s  bias  vector  is  perfectly  known. 
Even  though,  in  the  context  of  the  present  problem,  this  is  strictly  a  fictitious  situation,  consideration 
of  this  case  allows  a  natural  and  simple  exposition  of  the  solution  to  the  transfer -alignment/ calibration 
problem. 


If  the  master's  bias  vector  were  perfectly  known  (that  is.  with  zero  variance),  the  optimal  estimate 
of  bro  would  be  one  and  the  same  value,  and  the  recursive  estimate  of  z3  would  take  the  form 


~8- 
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.  -S  ,  at 

As  ,  ♦  B  b 
n  n-1  n 

(26) 
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t27 ) 
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H*'  (H  ?**  J1T  *  flV* 

ft  ft  ft 

(28) 

-  * 
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• 

s  ♦  K  (y  -Hx  ) 

ft  ft  ft 

(29) 

r 

« 

u  -  r*sni’*' 

n  ft 

(30) 

"  5  *r  **4  tn 

a  and  3  arc  the  ^priori  and  ^posteriori  estimates  of  is  when  b  perfectly  known,  and  b 
is  the  true  value  of  the  master’s  bias  vector.  The  gain  matrix  iT*)  for  this  estimator  is  identical  tp 
that  of  the  bias -free  case,  as  are  the  apriori  and  aposterturi  error  covariance  matrices  if**’.  I’*), 
with  only  the  state  estimation  equations  being  different.  However,  the  important  distinction  to  be  noted 
is  that  when  is  perfectly  known,  the  resultant  estimator  produces  a  true  minimum  variance  estimate 
of  a*,  with  P  being  a  true  statistical  measure  of  the  error  in  the  estimate;  whereas,  when  the  bias  i* 
simply  ignored,  the  estimate  of  a*  is  not  minimum  variance  in  nature,  and  P*  is  not  a  true  measure  of 
the  statistical  error  in  the  estimate. 


The  initial  estimation  error  and  covariance  matrix  for  the  estimator  having  perfect  knowledge  of 
the  master’s  bias  are  exactly  the  same  as  for  the  bias -free  estimator,  since  both  estimators  are 
Initially  identical  in  all  respects. 

4. 6  Relationship  Hctween  the  Dins -Tree  and  Perfectly -Known-Hias  Estimates  of  Ax  and  h* 

The  recursive  estimate  Vs,  as  defined  by  (2!  1  and  £24).  will  differ  front  s*.  as  defined  hy  (25)  and 
(29),  due  only  ts>  the  presence  of  bw  in  the  latter  equation  set.  Since  equation  set  (Jg)  and  (28>  is 
strictly  linear  in  nature,  its  solution  can  be  decomposed  into  two  parts:  that  part  due  to  bw  alone  and 
the  remaining  part  cue  to  the  forcing  function  y*.  The  component  of  »*.  due  to  the  forcing  function  y*. 
S  clearly  identical  to  the  solution  i  obtained  from  !2I)  and  (24),  which  allows  following  relation¬ 
ships  between  the  tv  o  estimates  to  be  written  immediately  as 
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~s- 
«  z 

+  U  bm 

(31) 

n 
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-  a 
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+  V  bm 

(32) 
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where  U  and  V  are  sensitivity  matrices  which  are  to  be  defined.  Prom  (21),  (28),  (31),  and  (32)  the 
following  is  easily  seen  to  be  true 
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z  -2  =Ub  =  A(z,-z,)  +  Bb 
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Therefore,  the  sensitivity  matrix  relating  the  apriori  estimates,  z  and  z  ,  is  given  by  the 
relationship 

U  «  A  V  ,  +  Bm  (33) 

n  n  n-1  n 


Similarly,  from  (24),  tit 9),  (31),  and  (32)  one  fin  Is  that 
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from  which  it  is  clear  that  the  sensitivity  function  relating  the  u posteriori  estimates,  z  and  z  , 
is  given  by  “  ‘‘ 


v  »  y  •  f  h  c  *  a  -  k3  h)  n 

n  nan  n  n 


(34) 


Equations  (33)  and  (34)  taken  together  provide  a  recursive  algorithm  for  computing  the  sensitivity 
functions  appearing  in  (31)  and  (32), 

4.7  The  Adjusted  Estimates  of  x**  ana  bS 

The  estimate  of  b*1"',  as  obtained  from  the  master  system's  Independent  Kalman  estimator,  can  be 
utilized  to  correct  the  bias -tree  estimate  z  3,  aa  defined  by  (2S)  through  (30),  by  means  of  the  following 
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(35) 
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where  3  s  and  £s  sre  the  apriori  and  ^posteriori  adjusted  estimates  of  z3.  and  is  the  master 
system's  estimate  of  Us  own  bias  vector. 

The  apliori  and  apoaienr>rt  adjusted  estimates  of  fix  and  b*  follow  directly  as 

AS' 
n 

bS’ 
n 


s9 

n 


* 

u 

(nl  b  , 

(37) 

n 

X 

n-1 

A 

* 

ub 

in)  6m, 
n-1 

(38) 

A? 

V 

In)  6m 

(39) 

n 

X 

n 

r. 

4- 

vb 

(n  )£m 
n 

urn 

a 

which  utilise  the  partitions  inherent  to  *  ,  U,  and  V 
~8 


tix%*)T,  U  »  .  V  «  [vsvb] 


The  efflcecy  of  sdjuatinjj  the  bio* -fret  eatUn&te*  Ls  the  manner  given  apparent  from  the  relation¬ 
ship  between  the  biaa-free  and  perfectly -known-bisa  estimates  given  in  (SI)  and  (32).  Since  the  matter 
system'*  estimate  of  ita  own  bias  vector  is  taken  to  be  completely  independent  of  the  slave  system  sad 
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because  bm  Is  by  definition -an  optimal  estimate  of  the  master's  bias,  one  may  conclude  that  the 
adjusted  estimate  of  zs  is  also  optimal. 

Finally,  from  the  definition  of  Ax,  the  apriori  and  apostertori  estimates  of  ia  are  determined  from 


iB~  •  im~  -  Fax'  +  o  (n)6m,l 

n  n  [  n  x  n-lj 

2s  b  -  T  Ax  +  V  (n)  6m  1 
n  n  L  n  x  n  J 


(41) 

(42) 


where  2m  and  2m  are  the  corresponding  estimates  of  the  master's  bias. 

S  *g 

4.8  Error  Covariance  Matrices  for  i  and  6 


The  estimation  errors  for  the  slave  system  apoateriori  estimates  defined  by  (40)  and  (42)  are 
derived  in  the  following  manner.  The  estimation  error  for  i8  is  first  determined  as 

i8-xS  -  Sm-fAi  +  V  (n)  fjE1  "I  -x8 
nn  n(_n  x  nj  n 

A  m  m  ,  m  s  |  ~  .ml  „  ,  m. 

■  &  -x  +x  -  x  -  Ax  +V(n)b  -V  (j.)(b  -  b  } 

nnnnLmx  Jxn 


fim  -  xm  -  (fix  -  Ax  )  •  V  tn)(6m  -  bm> 
n  n  n  n  x  n 


(43) 


where,  as  recalled,  Ax  is  the  estimate  of  Ax  which  would  be  obtained  were  thr  master's  bias  known 
perfectly  (see  equations  (26)  through  (30)).  The  aposteriori  error  covariance  matrix  for  the  estimate 
2s  is  then  determined  directly  from  f43)  as 
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where  the  following  definitions  apply 
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The  following  identities  were  also  utilized  in  obtaining  (44) 
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which  simply  exoresa  hie  fact  tliat  the  estimate  fix  is  initially,  and  at  all  subsequent  times,  uncorreiated 
with  the  estimates  produced  by  the  master  system's  Kalnum  estimator. 

In  a  similar  manner,  the  estimation  error  in  6*  is  found  to  be 
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(45) 


from  which  the  apostcriori  error  covariance  matrix  is  determined  as 
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find  the  fact  that  the  estimate  bs  Is  uncorrelated  with  fim  has  been  utilized. 


The  apriorl  estimation  error  covariance  matrices  are  obtained  directly  from  (44)  and  (46)  with  the 
substitution  of  the  apriorl  values  of  Pg1,  P^1,  P^,  and  ^  for  the  corresponding  aposteriorl 
values,  and  with  and  substituting  for  Vx  and  V^. 

A  block  diagram  of  the  transfer-alignment  scheme  is  shown  in  Figure  1.  It  will  be  noted  that,  for  both 
the  master  and  slave  systems,  the  navigational  states  are  output -corrected  rather  than  by  direct  reset 
of  the  internal  navigational  states.  It  la  clear  that  this  is  an  essential  requirement  during  the  transfer- 
alignment  process,  since  access  to  the  unaided  velocities  of  both  the  master  and  slave  systems  is 
required  in  the  implementation  of  the  slave  Kalman  estimator.  Preceding  the  transfer-alignment 
process,  it  could  normally  be  presumed  that  the  aided  master  system  is  corrected  by  a  direct  reset  of 
its  navigational  and  bias  (sensor  calibration  coefficient)  states  and,  consequently,  at  the  initiation  of 
transfer -alignment  the  master's  estimate  of  the  errors  in  these  states  would  be  zero. 

It  should  also  be  noted  that,  even  though  the  scheme  given  is  generalized  to  include  an  estimate  of 
the  slave's  positional  errors,  these  states  can  usually  be  made  equal  to  those  of  the  master  system 
with  little  or  no  degradation  of  overall  performance. 


4.9  A  Special  Case 

Suppose  that,  to  promote  computational  simplicity,  the  correction  of  the  slave  states  for  the  master's 
bias  is  omitted.  It  is  of  interest  to  establish  the  estimation  accuracy  associated  with  this  case. 


To  begin,  it  is  noted  that  the  omission  of  the  correction  to  the  slave's  states,  for  the  master's  bias, 
is  equivalent  to  assuming  that  the  master's  bias  is  identically  zero  -  which,  in  fact,  is  the  master 
system's  estimate  of  its  own  bias  at  the  Initiation  of  transfer-alignment.  Therefore,  following  the 
development  which  leads  to  (43),  and  substituting  6m  for  bm,  results  immediately  in  the  modified 
estimation  error  equation 
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The  estimation  error  covariance  matrix  is  then  determined  as 
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(47) 


Returning  to  the  generalised  recursive  form  of  the  Kalman  estimator  given  by  (8)  through  (12),  it 
is  a  straightforward  matter  to  show  that  the  estimation  error  at  the  n  th  update  interval  may  be 
expressed  in  the  form 
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where  the  missing  terms  are  a  function  only  of  the  process  and  measurement  noise,  and  W  is  defined 
recursively  by 
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Therefore  it  IS  clear  that  the  estimation  error  in  x  can  be  expressed  in  terms  of  initial  estimation 
errors  as  n 
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where  Wjj  and  W|2  are  the  appropriate  matrix  partitions  of  W,  as  defined  above.  This  expansion  of 

the  estimation  error  in  allows  G  (n)  to  be  evaluated  as 
n  x 
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which  competes  (47). 


(45), 


In  s  similar  manner  the  estimation  error  equation  for  the  slave's  bias  is,  from  a  modification  of 
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which  leads  directly  to  the  estimation  error  covariance  matrix 

P®  (n)  -  p£  (n)  +  Vfe  (n)  P™  (o)  (n)  (40) 

4. 10  Effect  of  Lever-Arm  Correction  Uncertainties 

Consider  the  case  where  the  separation  between  the  master  and  slave  systems  is  not  perfectly  known 
but  is  subject  to  a  finite  error.  It  is  of  interest  to  establish  the  effect  of  such  an  error  on  the  alignment 
and  calibration  process  for  the  slave  system. 

The  error  in  the  lever-arm  velocity  correction.  V  ,  due  to  an  uncertainty,  64,  in  the  lever  arm 
is  defined  by 

4&  =  ujx64 

where  id  is  the  angular  velocity  of  the  transport-vehicle  frame.  The  error  4  V  may  also  be  written  in 
the  form 

6Vl  -  HtU 

where 


and  the  «  are  the  components  of  id.  Therefore,  repeating  the  steps  which  lead  to  the  measurement 
relationship  given  by  (16),  the  following  modified  result  is  obtained 

y3  =  «v“  -  tv3  +  H,  » 4  +  rf  (50) 

n  n 

The  introduction  of  the  term  due  to  4  4  does  not  require  a  modification  of  the  generalized  computational 
format  for  the  slave  estimator,  since  it  is  always  possible  to  augment  the  differential-state  error  (&x) 
with  the  three  states  associated  with  4  4,  and  to  redefine  the  slave’s  measurement  matrix  as 

H  =  |0  1  O  H.| 

*  1 

In  the  event  that  the  value  of  »  utilized  In  computing  V  is  also  in  error,  a  second  component  of 

4  V  can  be  defined  as 
L 

4V  s  4®  X  4 
L 

where  6®  is  the  uncertainty  in  the  value  of  id  determined  by  the  master  navigation  system.  If  the  master 
system  is  a  platform  or  ESG  navigator,  is  is  determined  by  differentiating  the  attitude  readout  angles, 
in  which  case  8V^  can  be  approximated  by  a  white  noise  funetton  that  can  be  lumped  with  the  random 
measurement  noise  jy'  originating  from  vehicle  flexure.  If  the  master  navigator  were  strapdown  In 
nature,  the  vajue  of  «  would  be  available  directly  from  sensor  outputs  and  could  be  taken,  for  the  purpose 
of  computing  V^,  to  be  essentially  error  free. 

S.  CONCLUSION 

A  methodology  for  alignment  and  calibration  of  an  inertial  navigation  system  on  a  moving  base  has 
been  defined  which  provides  an  optimal  result  for  the  assumed  restriction  that  the  aided  master  navi¬ 
gation  system  operate  Independently  of  the  slave  system—a  restriction  that  is  enforced  by  practical 
implementation  constraints. 

It  was  shown  that,  in  the  general  case  considered,  the  stave  system's  navigational  and  sensor  Mss 
states  can  be  optimally  estimated  by  utilising  all  of  the  Information  available  from  the  aided  master's 
Kalman  estimator.  In  the  special  ease  considered,  only  the  aided  master's  estimate  of  Its  navigational 
errors  enters  Into  the  estimation  of  the  slave  errors.  In  both  cases,  the  estimation  error  covariances 
can  be  rigorously  end  completely  defined.  The  estimation  error  covariance  computations  defined  are, 
with  the  exception  of  those  required  In  the  estimators  for  the  master  system  and  the  bias-free  slave 
system,  intended  only  for  offline  performance  analyses  -  and  are  not  required  in  the  actual  imple¬ 
mentation  of  the  scheme. 

Even  though  the  treatment  o*  the  slave  Kalman  estimator  was  based  on  the  optimal  form  for  this 
type  of  estimator,  the  results  given  arc  also  applicable  if  the  slave  estimator  Is.  in  reality,  suboptimalj 
that  is.  if  one  or  more  of  the^slave's  error  states  Is  totally  Ignored.  In  this  case  It  Is  only  necessary 
that  the  covariance  matrices  P,^  and  (required  :in  computing  p£  and  P^)  be  obtained  from  the  full- 
state  slave  error  model  utilised  In  conjunction  with  the  gain  matrix  K®  computed  by  the  bias-free  slave 
estimator. 
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SUMMARY 

The  performance  of  an  inertial  navigation  system  (INS)  is  largely  affected  by  a  number  oi 
important  error -sources/  where  most  of  which  are  related  to  the  instruments  used.  This 
particulary  applies  to  strapdown-systeas. 

The  paper  describes  laboratory  test  procedures  to  determine  static  and  dynamic  parameters  of 
the  gyro  and  accelerometer  measurement  model . 

It  is  shown,  that  a  proper  rate-test  and  a  multiposition  test  with  respect  to  earth-rate 
and  gravity-vector  are  well  suited  to  ascertain  static  parameters  with  sufficient  accuracy. 
Optimal  parameter  values  are  retrieved  from  measured  test-data  applying  regression  analysis 
techniques.  It  is  shown,  how  uncertainties  in  parameter  estimates  can  be  determined  from 
actual  measurement  residues. 

The  verification  of  major  dynamic  performance  parameters  of  interest  (i.e.  anisolnertia 
torque,  angular  acceleration  term)  by  appropriate  test  procedures  utilizing  a  3-axes  test- 
table  is  shown. 

Applicability  and  feasibility  of  the  proposed  test-procedures  is  demonstrated  utilizing 
the  Modular-Strapdown-System  (MSS) . 

Test-configuration  and  sequence  as  well  as  processing  of  test-data  Including  collection 
and  reduction  are  described.  Significant  MSS  error-parameters  are  extracted  and  evaluated 
applying  iterative  linear  regression  techniques.  The  corresponding  software-structure  is 
described. 

The  results  obtained  confirm  the  usefullness  c?  the  developed  test -procedures  and  software 
for  calibrating  a  strapdown-system  with  sufficient  accuracy.  Moreover  it  can  be  stated  that 
the  software-package  exceeds  its  pure  calibration  function.  It  proved  to  offer  a  conside¬ 
rable  potential  to  analyse  a  strapdown-system  as  well  as  the  test-equipment. 


1 ,  Introduction 

The  objective  of  INS-Testing  is  usually  devoted  to  demonstrate  basic  system  navigation 
accuracy. 

The  performance  of  an  inertial  navigation  system  is  largely  affected  by  a  number  of  impor¬ 
tant  error  sources,  where  most  of  which  are  related  to  the  instruments  used.  This  particu¬ 
larly  applies  to  strapdown-systaos. 

Recant  advances  in  sensor  technology  have  provided  instruments  capable  of  determining  angu¬ 
lar  rates  and  acceleration  with  high  accuracy  over  a  broau  spectrum  of  dynamic  conditions. 

To  fully  utilise  this  potential  requires  accounting  for  severe!  instruments-  and  system 
effects,  which  otherwise  would  cause  considerable  navigational  error*.  To  accomplish  this, 
precise  laboratory  measurement  and  identification  of  important  parameters  are  necessary. 
Such  sensor  performance  Information  represents  the  basis  for  Use  calibration  or  error-com¬ 
pensation  algorithm  included  in  the  Strapdown-Inertial-System  software. 


2.  Brief  comparison  of  glm balled  versus  stratxlown  inertial  system 

Figure  t  shows  the  block  diagram  of  an  INS  realization  with  a  *iocai -level -north’  reference 
system. 

The  basic  item  of  this  system  is  the  inertial  measuring  unit  which  is  realised  as  a  gyro- 
stabilised  platform.  Three  accelerometers  a:td  three  gyro*  are  arranged  on  the  stabilised 
i  eleetent  with  their  input  axes  mutually  vertical.  The  stabilized  element  ic  isolated  from 

the  aircraft  motions  by  means  of  a  glssbal  system.  Deviations  from  the  reference  attitude 
are  detected  by  the  gyros  and  corrected  by  a  corresponding  rotation  of  the  glabal. 

«rior  to  the  start  the  stabilised  element  of  the  platform  has  to  be  so  aligned  that  the 
input  axes  of  the  accelerometers  coincide  with  those  of  the  reference  Syateca. 

In  order  to  maintain  the  alignment  of  the  input  axes  of  the  accelerometers  to  the  reference 
ay a ten  also  during  flight,  the  stabilized  element  is  slaved  by  corresponding  signals  for 
the  torquers  of  the  gyros  («(),« c.tJy) :  the  respective  loops  represent  the  well  known 
Schuler-loops  of  an  INB  with  earth-fixed  reference  coordinates. 


(I).F<»ja^4t3iM^^Srfuhr-a»cato»*»  .  l*.lA.A>>«**#,V*'>o*  A. «.♦•«» 


Fi.g.1:  INERTIAL  SSSTfcM  MECHANIZATION  WITH  GIKBAIXED  JMU 
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The  computer  calculates  besides  these  feedback  signals  also  the  Coriolis-corrections  for 
the  output  signals  of  the  accelerometers  (Poucault-modulation  of  the  Schuler-oacillation) . 
The  pitch  and  roll  angles  )  as  well  as  tfie  "true  heading”  (¥'?)  can  be  read  off  di¬ 

rectly  on  the  synchros  of  the  platform  global  system. 

The  inertial  measuring  units  in  *strapdown  configuration"  are  characterised  by  the  fact 
that  the  sensors  are  directly  mounted  to  the  vehicle  frame  {Figure  2) .  Since  there  is  no 
Isolation  from  vehicle  motions  the  sensors  are  subjected  to  both  full  tranalatory  and  ro¬ 
tational  dynamics  of  the  vehicle. 

As  shown  in  Figure  2  the  output  signals  of  the  gyros  (angular  rate)  and  the  accelerometers 
(linear  acceleration)  are  transfered  to  the  computer  after  analogue/digital  conversion. 

This  computer  transforms  the  measured  acceleration-vector  into  the  reference  coordinate 
frame  {local-level-north) .  To  accomplish  this  the  transformation  parameters  representing 
the  mutual  attitude  of  the  reference  coordinate  frame  and  the  aircraft-related  sensor- 
input-axes  system  are  continuously  determined  through  integration  of  the  angular  rates 
measured  by  the  gyros. 

The  9  elements  of  the  direction  cosine  matrix,  the  4  elenents  of  a  rotational  quaternion 
or  the  3  Eulor-angles  can  be  used  as  transformation  parameters. 

Due  to  rotation  of  the  earth  with  respect  to  the  inertial  space,  on  the  one  hand,  and  the 
motion  of  the  vehicle  with  respect  to  the  earth,  on  the  other  hand,  the  transformation  para 
meters  are  "slaved*  in  the  computer  in  the  same  way  as  the  platform  cluster  is  torqued  at 
the  corresponding  rate  in  the  glmballed  configuration. 

When  the  components  of  the  acceleration  are  determined  in  the  earth-fixed  uference  system 
in  the  computer  the  inertial  navigation  computations  arc  performed  in  principle  in  the  same 
way  as  in  the  glmballed  configuration  system. 


Fig.  3 1  BLOCKS  I  AGRA*  OF  STRAPOCWi- INERT  SAL  CGHWTAT70KS 


Figure  3  shows  a  vectorial  block  diagram  of  the  attitude  and  navigation  equations  with 
the  left  part  of  the  figure  (attitude  computation  and  acceleration  tranformation)  repre¬ 
senting  the  function  of  the  gyro-stablli2ed  platform  for  glmballed  configuration  systems. 

In  conclusion  it  can  be  stated,  that  strapdown -ays tens  offer  advantages  over  glmballed 
systems  for  a  number  of  applications.  However,  to  realize  their  potential  it  is  necessary 
to  compensate  for  several  sensor  effects  which  otherwise  would  obscure  vehicle  motions. 


3.  Strapdown  sensor-error-models 

The  most  critical  problem  in  strapdown  systems  arises  within  the  scope  of  computation  of 
rotational  dynamics  (left  part  of  Figure  3) . 

As  mentioned  before,  recent  advances  in  sensor  technology  have  made  available  instruments 
capable  of  determining  angular  rate  and  linear  acceleration  with  high  precision  over  a  broad 
spectrum  of  dynamic  conditions. 

Utilization  of  these  inherent  capabilities  requires  accounting  for  several  sensor-  and 
syutem-effects,  which  otherwise  would  cauao  considerable  navigational  errors. 

The  extent  of  the  parameter  compensation  becomes  evident  considering  the  sensor-error-mo- 
dels  .  The  procedures  described  in  the  following  are  used  for  the  calibration  of  a  system 
containing  two-axes  dynamically  tuned  gyros  with  electrical  caging  as  sensors  for  the 
angular  rate. 

In  Figure  4  the  sensor  arrangement  of  the  strapdown  inertial  measuring  unit  (IMU)  with 
respect  to  vehicle-axes  is  shorn.  Furthermore  the  measurement  equations  for  the  two  sensi¬ 
tive  axes  of  the  2-gyro  (1)are  represented  in  tabulated  form.  Beside  the  desired  rate  term 
these  equations  contain  a  number  of  perturbing  signal  components.  Some  are  determined  by 
the  imperfection  of  the  sensors  and  their  mounting  {e.g.biaa,  maas-unbalance,  misalignment 
etc.)  and  others  are  due  to  physical  reasons  (anlsoinertia,  angular  acceleration,  etc). 

In  order  to  extract  the  useful  information tux,co cjz  from  the  neasureable  torquer  signals 
Ny/H  and  Kx/H  a  compensation  of  static  and  dynamic  error  components  in  the  measuring 
equations  is  necessary  as  shown  in  Figures  S  and  6  for  gyro  1 . 
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tenof  th?  P*ra®«ters  of  the  error-model  and  the  exact 
Inertial  rate®  aa  well  aa  the  acceleration  components  of  the  aenaor  block  must  be  known. 

SMST'E  2  tS  dcte™ined  by  appropriate  teats  aa  described  in  the 

angular  “nd  accelerations  will  only  be  determined  through  *•■■*  ccm- 

SSJSwtioJ?  ^  rea*°n  oniy  the  uncompensated  sensor  signals  can  be  uaed  for  Uu  -.-tor 

rs  $i  ss-sis-ji  :Sods“;r«“po"on“ 61  th* pickof<  •*  «»  • 

^ror^^i1?nie^i8-Pend^1°US  ttcce^eroeieter3  considered  here  the  corresponding  11’  .rized 
,  .  ,  p,  he  x  accelerometer  as  well  as  the  corresponding  compensation  biocv  'acrem 

vriiLr  ^?rtunateiy  ful1  compensation  of  all  error  teris  is  not  t  ar?  IT 
h*L  i1  ?'  Depending  on  the  individual  requirements  means  for  proper  coop  >ation 

have  to  be  implemented  after  careful  analysis.  f  tlon 
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4.  Determination  of  gyro-parameters 

4.1  Test-objective 

The  objective  of  laboratory  tests  to  be  performed  is  twofold: 

-  determination  of  static  parameters 

-  verification  of  dynamic  parameters 

With  respect  to  the  first  item  two  different  types  of  tests  have  to  be  distinguished: 

-  rate-test  to  determine  those  parameters  excited  by  external  rates 

-  multi-position  static  test  to  determine  all  remaining  parameters  excited  by  external 
acceleration. 

To  accomplish  this,  a  three-axis  test-table  is  considered  here  as  the  main  test-equipment. 

4.2  Parameters  for  tne  compensation  of  static  errors 
4 .2.1  Rate-Tes t 


The  objective  of  the  rate  test  is  to  determine 
scale-factor 


and 


misalignment-errors . 

Performing  this  task  requires  commencing  through  the  following  sequence  of  steps: 

-  adjust  test-table  sequentially  in  3  positions,  where  in  each  position  one  of  the  three 
IMU  main-axes  is  aligned  to  the  local  vertical 

-  rotate  test-table  CW  and  CCW  about  the  vertical  axis  of  the  table  with  constant  rate 
by  360° 

-  in  each  position  integrate  measured  torquing-signals  over  a  full  period  for  CW-  and 
CCW-rotations 

-  compute  the  differences  of  integrated  signals  for  CW  and  CCW  rotations. 

These  differer  :es  are  proportional  to  scale-factor  and  misalignment  errors. 

As  shown  in  Figure  8  the  sensor  fcj.ock  is  arranged  in  test-position  1  on  a  test-table  with 
respect  to  earth-rate  and  gravity-vector. 

The  following  applies  then  to  the  driving  components  of  angular  rate  and  acceleration  in 
direction  of  the  sensor  Block  axes  due  to  earth  rate,  introduced  table-rate  and  gravity- 
vector  . 
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Starting  from  the  initial  position  shown  in  Figure  6,  the  test  table  is  rotated  through 
exactly  360°  about  the  vertical  axis  at  A,  -  const. 
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Taking  into  account  the  measurement  equations  for  the  gyro  1  (Figure  4)  the  following 
torquer  signals  are  generated* 


-ppys(W3Sfy)(-Qe  -sin{fi3-t)+ayx  (^-QsJ-ttyz^cosIQs 

rr.Ai  (4. 


(C-A)  (4.3) 

•(Q3-Qs)>Qc-sin(Q3*i)*by) 


-r^/=(WDS^{HQc*cos(Q3 •i)-a.xzficsin^3^  )"&xy 

H  /(♦) 

♦i^-(«3-Qs)^c'C0s{%tWjr£] 


The  measurement  and  integration  of  these  torquer  signals  over  a  complete  period 
pro-  .dc-  the  following  signals: 


The  corresponding  Integration  of  equation  (4.3)  and  (4.4)  eliminates  the  harmonic  contents 
and  leads  to  the  result 


Jx  (♦}  *{U0SFyl- (ctyxIQs -fts)  *  by  1*T 

-Jy  UMWOSF*)  •  {-axy(n3-Qs)*bxi  T 


For  a  negative  rotation  -S)*  of  the  teat  table  through  360°  shout  the  vertical  axis 
the  following  relations  result  for  the  Integrated  torquer  signals* 

(4.8) 

J*l-)  *(WDSFyM-$yxUl3*Q»l  *byl-T 
Jy(-Je(W0SFxJ  taxy(Q3*Qs)*bxlT  <4-9> 


If  the  differences  of  the  torquer  signals  Integrated  over  a  full  period  for  positive  and 
negative  rotation  are  computed*  it  results  for  test  position  i* 


AJX|1S  Jx,! ^  lUOSFy|*ayx  *&3  *T 

A  Jy^  3  Jy^l  !♦ )  -  Jy#1  M  a  2  H  ♦  0 SFX  }  *aXy  •  Q3  T 


(4.10) 


(4.11) 


From  Figure  8  it  becomes  ultimately  evident,  that  In  teptposltion  i  the  misalignments  etXy 
and  cc  ^  become  observable  by  an  introduced  table  rate  V3. 
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Figure  9  shows  the  three  test  positions  required  for  the  determination  of  the  static  para¬ 
meters  of  the  7 -gyro  (1)  according  to  the  rate  test  procedure  specified  herein.  In  addition 
the  determining  equations  for  the  scale-factor  and  alignment  errors  are  contemplated. 

Further  positions  and  rotations  about  other  axes  of  the  test  table  provide  redundant  measu¬ 
ring  information  for  the  unknown  parameters  (see  Figure  10b) .  These  can  then  be  determined 
optimally  in  a  iea3t  square  sense  applying  linear  regression  techniques  as  described  for  the 
following  multi-position  test. 

In  order  to  determine  possible  non-linearities  of  the  scale  factor  the  tests  must  be  per¬ 
formed  *t  various  rotation  rates  of  the  test-table. 
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4.2,2  Mulcl-poaltlon  static  teat 

As  mentioned  before,  the  objective  of  tho  multi-position  test  is  to  dt»v.ermine  the  following 
gyro  parameters  excited  by  ex  ernal  acceleration: 

mass -unbalance 
quadrature  term 
anisoelasticitv 

Furthermore  the  bias  drift  is  determined  as  well. 

To  accomplish  this,  the  following  test  p;. ocedure  is  appropriates 

-  perform  multi-position  test  by  orienting  the  I HO  in  a  number  of  predetermined  positions 
with  rerpect  to  earth-rotation  and  gravity-vector 

-  measure  gyro  torquer-slgnals  over  a  predetermined  period  of  time 

-  perform  .Unear  regression  analysis  to  determine  the  best  estimate  for  the  error-parameter 
vector  in  a  least  squares  sense. 
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Again  only  gyro  1  is  considered  in  the  following i 

Por  the  multi-position-test  it  is  assumed  that  the  scale-factor-and  misalignment-errors 
have  been  determined  through  the  rate-test. 

Figure  10a  shows  the  individual  orientations  of  the  sensor  block  for  the  full  24-position- 
test.  The  three  main  positions  are  identified  by  the  fact  that  each  sensor  block  axis  is 
oriented  once  in  the  north,  east  and  vertical  direction. 

Each  main  position  includes  8  test  positions.  They  result  from  the  stepwise  tilting  of 
the  sensor-block  by  respectively  45°  about  the  axes  of  the  test  table  as  shewn  in  Pigure 
10a.  Different  components  of  the  earth-rotation  and  the  gravity-vector  are  thus  always 
acting  along  the  sensor-block  axes  (< resp.  thus  exciting  corresponding 

error-terms  *n  the  measurement  equations:  y 

If  Mn"  positions  are  generally  considered,  the  measurement  model  according  to  equation 
(4.12)  will  result,  for  instance,  for  the  Y-axis  of  gyro  1  (see  also  Figure  4). 
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Assuming  that  the  individual  measurements  are  statistically  Independent,  this  is  an 
equation  in  the  form  of  a  linear  regression  model: 


z  e  A'2L 


(4.13) 


with 


measurement  vector  In-dimensional) 
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(4.14) 


-  Measurement  matrix  (n  x  4) 


A= 
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(4.15) 


-  Parameter  vector  (4 -dimensional) 


x  =[m  q  n  by] 


(4.16) 


y  is  the  n-dimensional  vector  of  the  measurement  noise. 

A 

Supposing  independent  individual  measurements,  an  optimal  estimate  x  of  the  parameter  vector 
x  within  the  meaning  of  minimum  error  squares  can  be  determined  as  Follows t 


x  =  l  ATA  ]~'>AT-z 


(4.17) 


If  x  is  an  m-dimensional  vector,  it  is  necessary  that  A  must  also  include  m  linear- inde¬ 
pendent  row-vectors  to  ensure  that  x  is  fully  observable. 

The  following  applies  to  the  variance  of  the  optimally  estimated  value  x  if  the  individual 
measurements  have  equal  variances  ; 


y  r  1  (4.18) 

VARISJ  =  cr  I  atap 

An  unbiased  estimate  for  O' 2  can  be  computed  from  the  residues  of  the  measured  values: 

au£» 

N-M 

with 

w  *  s-  A-  x 

H  ■  number  of  positions  {measurements) 

M  *  number  of  unknown  parameters 
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Concerning  the  accuracy  of  the  optimally  estimated  parameters  it  results  therefore! 


VAR&U 


%TW 

n-m 


iaTai*1 


(4.20) 


Another  alternative  method  for  determining  the  accuracy  of  the  estimated  parameters  is 
shown  in  the  appendix. 

For  a  subset  of  8  positions  that  are  specially  marked  in  Figure  10a  the  quantitative  re¬ 
gression-model  is  indicated  in  Figure  11. 

The  acceleration-  and  rate-values  of  the  test  position  4  can  for  instance  be  readily  ex¬ 
plained  by  means  of  the  gyro  orientation  shown  in  Figure  11.  In  this  respect  the  test 
position  4  is  derived  from  the  main  position  1  by  the  rotation  %  -  135°. 

The  observability  of  the  parameter  vector  of  equation  (4. 16) by  means  of  the  selected  8  po¬ 
sitions  is  ensured  because  the  determinate  derived  from  four  arbitrary  rows  of  the  A-matrix 
(Figure  11)  is  not  equal  to  zero.  There  exist  therefore  four  linear  independent  row-vec¬ 
tors  of  A. 

If  the  measurement  matrix  A  according  to  Figure  11  is  now  used  in  equation  (4.18)  the  vari¬ 
ance  of  the  optimally  estimated  value  $  for  the  parameter  vector  x  is  shown  in  Figure  12 
together  with  that  for  the  full  24-posItion-test. 

Supposing  that  the  torquer  signals  of  the  gyros  in  the  individual  positions  are  measured 
with  an  accuracy  of  0.01°/h  (i.e.  measurement  noise  (0.01°/h)2j  the  accuracies  of  the 
estimated  parameters  result  as  shown  in  Figure  12. 

With  the  exception  of  the  anisoelasticity  coefficient  the  measurement  noise  is  reduced 
by  the  8-position  test  concerning  the  remaining  parameters. 

Moreover  a  small  correlation  between  mass-unbalance  and  bias-drift  appears  with  a  correla¬ 
tion  coefficient  of 


$  (m,by) 


°  -0,25 


This  correlation  is  spurious.  Its  reason  is  the  particular  selection  of  the  positions,  which 
can  be  explained  as  follows: 

The  A-matrix  in  Figure  11  shows  that  in  all  8  test  positions  the  measuring  signal  includes 
a  component  due  to  the  bias. 

In  position  2  and  4  (2nd  and  4th  row  of  A)  there  are  further  components  due  to  m  and  n.  As 
the  signal  components  due  to  m  and  by  have  the  same  sign  in  these  two  positions,  they  are 
not  discernable  from  each  other.  The  bias  by  can  however  be  observed  uncorrupted  in  the  po¬ 
sitions  1  and  5.  With  this  information  about  the  bias,  the  mass-unbalance  coefficient  m  is 
then  determined  by  the  regression  algorithm  from  the  measurement  signals  in  position  2  ar.d  4. 
Obviously  a  correlation  is  thus  computed  between  m  and  by.  The  measurement  equation  for  the 
Y-axis  of  the  gyro  1  (Figure  4)  shows  that  in  the  positions  2  and  4  of  the  8-positlon  test 
the  measurement  signal  Mx/H  includes  also  a  component  iue  to  the  anisoinertia  (eo.  +  O, 
in  (4.12)1  ^  r 

For  a  typical  value  of  (C-A) /H  = 10”^sec  this  results  in  a  torquer  signal  contribution  of 
approx.  5.10~77h  which  is  of  course  negligible. 

If  all  24  positions  according  to  Figure  10a  are  utilized  the  same  covariance  matrix  as  that 
shown  in  Figure  12  will  result  for  each  of  the  four  gyro  axes. 

The  gyro  parameters  are  practically  no  longer  correlated.  The  measurement  noise  is  reduced 
for  all  parameters.  The  accuracy  improvement  of  the  24-position  test  as  compared  to  the 
8-positlon-test  la  about  V24/8  “  1.7. 

A  regression  model  according  to  equation  (4.12)  can  be  used  in  principle  for  each  of  the 
four  gyro  axes. 
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Fig. 12s  COVARIANCE -ANALYSIS  RESULTS  FOR  ONE  GYRO-AXIS 
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4.3  Parameters  for  the  compensation  of  dynamic  errors 
4.3.)  General  Remarks 

On  the  basis  of  the  compensation  for  the  dynamic  errors  sJiown  In  Figure  6,  the  following 
dynamic  effects  have  to  be  taken  into  consideration: 

-  angular  acceleration  term  (A/H*  CO  ) 

-  aniso inertia  tenn(  (C-A)  H*co  i  *c02) 

-  motor  coupling  (C/H •aCt*ce) 

For  simultaneous  harmonic  motions  about  the  spin  axis  tuvi  about  one  of  the  input  cutes  there 
further  occurs  the  socalled  pick-off-rectification  effect  which  is  taken  into  account  for 
the  compensation  according  to  Figure  6  by  measuring  the  pick-off  angler.  Due  to  the  large 
bandwidth  of  the  gyro  caging  loops  for  aircraft  applications  (large  caging  gain)  the  pick- 
off  angles  are  small  in  this  case.  For  this  reason  a  compensation  is  often  not  required.  As 
can  be  seen  from  Figure  6  no  particular  parameter  is  involved  in  the  compensation  of  pick- 
off  angle  effects. 

The  parameters  of  the  three  above  mentioned  components  are  determined  by  the  design  of  the 
gyro.  They  can  be  measured  with  a  slide-gauge,  so  to  speak  and  are  not  subject  to  conside¬ 
rable  changes  from  gyro  to  gyro.  For  this  reason  it  is  therefore  not  appropriate  to  speak 
of  sensor  error  parameters  here.  The  gyro  manufacturer  can  indicate  these  parameters  accu¬ 
rately.  A  dynamic  test  is  merely  performed  for  verifying  the  manufacturing  data. 

The  motor  coupling  term  should  not  be  further  considered  here  as  its  verification  requi¬ 
res  special  measurements  in  the  frequency  domain  to  discern  it  from  the  frequency-indepen¬ 
dent  anisoinertia-term.  This  goes  beyond  the  scope  of  this  paper. 

For  the  two  other  components  various  procedures  are  contemplated  in  the  following  where 
the  application  of  which  is  based  on  the  available  test  equipment. 

4,3.2  Anisoinertia-term 

Again  only  gyro  1  (z-gyro)  is  considered  in  the  following. 

The  general  measurement  equations  show  that  this  term  can  be  excited  by  simultaneous  c-.  : 
lar  rates  co  j  and  CO  x  respectively  CO  2  and  cO  y. 

For  verifying  (C-A)H  the  sensor  block  is  oriented  as  shown  in  Figure  13  and  rotated  about  the 
vertical  axis  of  the  test  table  ( 'f’j)  at  constant  angular  rate  £2  during  the  time  T. 

The  thus  generated  angular  rates  oz  and  CUY  respectively^  z  anda>x  excite  contributions  in 
the  torquer  signals  Mx/H  and  My/H  generated  by(c-A)  H. 

U 

If  these  torquer  signals  are  compensated  for  the  known  static  error  portions  and  integrated 
the  signals  I*  and  ly  shown  in  Figure  13  will  result. 

Let  us  assume  that  these  Integrated  values  are  available  as  pulse  sequences  at  the  output 
of  voltage/frcquency  converters  with  a  pulse  weight  of  1  arcsec. 

For  T  *  20  sec,  $ 2  “lO^/sec  the  number  of  generated  pulses  for  typical  values (C-A)  H  is 
readily  measurable  so  that (C-A)  H  can  be  verified  as  shown  in  Figure  13. 

If  ±  1  pulse  is  assumed  as  uncertainty,  the  accuracy  for  the  determination  of(c-A)/H  is  in 
the  order  of  2%. 

The  parameter  A/H  determining  the  angular  acceleration  term  is  also  excited  during  this  test. 
The  reason  la  the  angular  acceleration  phase  necessary  to  obtain  the  constant  table  rate. 

Its  measuring  accuracy  is  approximately  4%  for  the  assumed  test  conditions.  Another  test 
method  is  described  in  paragraph  4.3.3. 

0v  impressing  sinusoidal  or  uniform  angular  rates  Figure  14  shows  two  further  procedures  for 
the  verification  of  (C-A)H. 

In  this  respect  it  is  always  assumed  that  the  measured  torquer  signals  are  compensated  for 
the  other  error-model  portions  which  are  assumed  to  be  known. 

For  sinusoidal  excitation  about  the  If  and  S-axls  (spin-axis  of  the  s-gyro  (1))  of  the  sensor 
block  the  torquer  signal  Kx/H  contains  besides  the  nominal  term  the  portions  proportional 
to  (C-A) H  shown  in  Fig.  14. 

The  latter  can  be  considered  as  error  a Wy  in  the  measurement  ofVy. 

The  portions  are  independent  of  the  frequency  of  the  excitation  signals  as  long  as  it  is 
smaller  than  the  bandwidth  of  the  caging  loops.  For  typical  value  of(C-A)H  —  10“^sec  the 
rectified  portion  causes  a  drift  of  acOy  -  0.02°/h  per  1°/sec  amplitude  of  the  angular  rate 
input. 

The  aotor  coupling  is  also  excited  bycjz  if  the  frequency  of  the  test  signals  is  not 
smaller  than  1  -  2  Hz. 

Figure  14b  shows  an  alternative  possibility  for  the  verification  of(C-A)H.  The  sensor  block 
is  tilted  on  the  test  table  about  thu  X-axis  through  4S°  so  that  for  ¥*3 -rotations  about  the 
vertical  axis  of  the  test  table  angular  rates  CO y  and  CO z  of  the  sensor  block  will  occur. 
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For  constant  positive  and  negative  rates  ^3  ■  t  52  the  x-torquer  signal  is  recorded.  The 
sun  of  both  torquer  signals  contains  as  useful  information  the  portion  (C-A) H.  This  loads 
with  the  numerical  values  shown  in  Figure  14  to  an  amount  of  S°/h  for  the  sum  of  the  tor- 
quer  signals.  This  value  can  be  readily  measured  with  a  suitable  test  equipment. 

4.3.3  Angulnr-acceJeration  term 

Aa  shown  in  paragraph  4.3.2,  during  the  tests  indicated  in  Figure  13  information  is  also 
obtained  about  the  parameter  A/H  which  determines  the  angular-acceleration-term. 

Jn  order  to  excite  this  term  in  the  x-torquer  signal  of  the  2-gyro  an  angular  acceleration 
&>x  ia  necessary.  In  this  basis  Figure  15  shows  two  further  teat-possibilities. 

In  Figure  15a  this  term  is  excited  by  a  sinusoidal  rate  about  the  x-axis. 
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The  coopenaated  torquing  signal  H*/H  contains  a  partaWy  according  to  A/M- Sl.  ft'cosf-O  t) 
Together  with  the  nominal  sinusoidal  rata cj*  measured  by  the  torquing-signal  Ky/H  this 
gives  rise  to  a  pseudo-coning  motion.  This  In  turn  causes  a  rectified  drift  about  the 
third  axis  (heading-drift  y  )  which  might  be  observed  directly  or  from  resultant  velocity 
errors  in  the  full  inertial  navigation  system. 

An  alternative  more  direct  method  is  shown  in  Figure  15b.  A  step-rate- input  about  the 
x-axis  produces  an  observable  averaged  y-axis  rate  output  e«y,  which  is  ’'Vh  for  a  step- 
rate-input  of  lO°/sec,  averaged  over  a  ttoo  interval  of  5  sec.  Again  this  apparent  y-axis 
drift  could  be  observed  directly  or  deduced  from  resulting  velocity  errors. 

Here  the  velocity  error  is  caused  by  the  averaged  error  rate  *£>y,  entering  the  cehuler-lcop 
aa  an  bapulse-pertubatlon. 


5.  Determination  of  the  accelerometer  parameters 

The  parameters  of  the  accelerometers  can  also  be  determines  by  a  auiti-poeltloh  test  as  des¬ 
cribed  in  paragraph  4.2.2  for  the  gyro . 

For  this  purpose  a  linearisation  of  the  measurement  equation  (see  Figure  7)  is  however  re¬ 
quired.  the  linearisation  provides  the  following  error-model  for  the  s-acceleroeeter t 
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F irgure  16  shows  the  linear  regression  model  for  a  6-position  test.  For  this  test  those 
6  positions  of  the  24  general  positions  are  selected  in  which  each  surface  of  the  sen¬ 
sor  block  is  pointing  once  on  downward  direction.  These  positions  are  specially  marked 
in  Figure  16.  Looking  at  the  measurement  matrix  shown,  it  contains  at  least  five  linearly 
independent  row-vectors  so  that  the  parameter  vector  is  observable. 

It  results  from  the  variances  computed  according  to  (4.18)  and  shown  in  Figure  17  for 
tne  elements  of  the  parameter  vector  that  the  measurement  noise  is  already  reduced 
performing  the  6-position-test.  The  variances  are  computed  supposing  a  measurement-noise 
of  6*-  (10~’g)  2. 

As  in  the  24-position  test  more  redundant  Information  is  available,  the  parameters  can 
of  course  be  determined  more  accurately,  namely  by  the  factor  ^5T 7V m  2. 

The  variances  of  the  24-position  test  apply  siailary  to  all  three  accelerometers. 

A  relatively  high  correlation  appears  between  bias  and  KQx  (the  g2  -model-term)  with 
the  correlation  coefficient  of 
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Fig. 17s  COVARIANCE  FOR  THE  X-ACCELEROMETER 


Again  this  correlation  is  spurious.  It  is  based  on  the  saate  reasons  as  those  described 
for  the  gyro  under  4.2.2. 

Some  further  remarks  should  be  made  here  concerning  the  linearization  of  the  error-nodel. 

The  measurement  equation  of  the  X-acceleroaeter  (1)  (Figure  7)  for  instance,  can  be  ex¬ 
pressed  in  a  somewhat  different  way  as  shown  in  Figure  16. 

In  the  linear iratlon  the  second  nonlinear  part  promotional  to  the  scale  factor  error  la 
neglected.  It  can  be  conaldered  as  additional  measurement  noise  for  the  linear  regression. 
As  such  it  deteriorates  of  course  the  accuracy  Of  the  optimal  parameter -vector  estimate. 

Figure  16  shows  how  the  nonlinear  portion  can  be  taken  Into  account  for  the  determination 
of  the  parameter  vector  j  by  way  of  iteration. 

Starting  from  the  linear  model  an  estimated  value  x  is  first  determined  through  linear 
regression.  This  value  can  now  be  used  for  estimating  the  nonlinear  portion  of  the  error- 
model.  The  measurement  vector  8  Is  now  corrected  by  this  portion,  and  a  new,  corrected 
estimated  value  xc  is  determined  for  the  parameter  vector  through  linear  regression, 
applying  the  corrected  measurement-vector. 

This  operation  is  repeated  by  iteration  until  the  desired  accuracy  is  achieved  which  is 
preset  by  the  intrinsec  measurement  noise.  Tests  performed  in  /J/  have  shown  that  2-3 
iterations  are  sufficient  in  most  cases. 

This  procedure  can  of  course  be  similarly  used  for  taking  into  account  nonlinear  porticos 
in  the  gyro  node!. 


|x-Ac.i»Ufom  -  s  Equation  1 


Ccwtfggj  Iteration 
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:  ACCOUNTING 

6.  Variation  of  the  number  of  model -parameters 

The  typical  accelerometer  model  for  the  multi-position  test  will  be  used  here  to  shortly 
indicate  a  linear  regression  procedure  for  a  variable  number  of  model  parameters.  In  prac¬ 
tical  operation  one  is  of  course  interested  in  keeping  the  sensor  models  as  simple  as 
possible.  If  the  regression  is  however  performed  with  a  too  simple  model,  larger  estimated 
errors  will  result  for  the  parameters  (cf.  also  cnapter  5,  nonlinear  portion). 

The  linear  model,  for  instance,  can  be  extended  and  recast  as  shown  in  equation  (6,1). 
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The  following  quantities  can  bo  computed  with  this  problem  formulation: 

-  Estimated  value  Xjnmj  assuming  that  only  the  first  m-parameters  of  the  parameter-vector 
x  are  taken  into  account  in  the  model. 

-fn,ms  ^m*  ArrJ  ’^m*i  (6.2) 

-  Estimated  value  x^j  for  the  first  m-parameters  assuming  that  all  n-parameters  of  the 
parameter  vector  x  are  taken  into  account  in  the  model. 

xm,n  =Am,m " lA^m  Aml  t  A^Am  1 

‘A^m  An_|fll  ^  A^n.mli-AnSni#mJ 

-  Estimated  value  Xn-m,n  for  the  second  (n-m)  parameters  of  the  parameter  vector  xj 
assuming  that  all  n-parameters  are  taken  into  account  in  the  model  of  equation  T6.1). 


*n-m,  n  =  I A^ n-m  *  An-m  *  A^>-m  *  Am  l  A*n  Am  1 1  AnJ*  An_m  P  •  A^n. 


m 


(6.4) 


It  is  thus  possible  for  given  measurements  and  accuracy  requirements  to  find  the  minimal 
order  sensor  model. 


7. _ Application  of  test-methods  to  calibrate  the  Modular-Strapdown-System  (MSS) 

7.1  Introductory  remarks 

So  far  test-procedures  have  been  described  and  treated  in  general.  The  following  paragraphs 
are  dealing  with  the  application  of  these  procedures  for  a  particular  system.  Pirst  of  all 
this  system  is  briefly  described. 

With  respect  to  potential  applications  in  guidance  and  control  of  aircrafts,  an  experimen¬ 
tal  atrapdown  navigation  syscem  has  been  developed  and  built  within  the  scope  of  the  German 
Future  Aircraft  Technology  Research  Program  (ZTI.) . 

The  following  requirements  have  been  established 

-  evolution  or  the  attitude  angles  and  angular  velocities  in  digital  form 

-  autonomous  alignment 

-  flexibility  with  respect  to  matching  different  accuracy  categories  by  modular 
structure 

-  medium  accuracy  navigation  performance  of  the  experimental  system 

-  possibility  to  update  the  system  by  external  navaids. 

For  calibration  purpose*  the  HSS  has  been  submitted  to  various  position-  and  ratetesta  at 
TABS  test  facilities  in  Kunfch.  It  in  the  objective  of  the  following  paragraphs  to  demon¬ 
strate  the  applicability  and  feasibility  of  the  proposed  test-procedures  to  evaluate  the 
basic  v y*te»  parameters  of  a  atrapdown  system. 

7.2  Description  of  the  MSS 

7.2.1  Inertial  Measurement  Unit  OMUj 

The  Flguru  19  shows  the  inertial  measurement  unit  (INU) ,  consisting  of  two  parts:  the 
eloctroMc  box,  containing  the  caging  loops,  power  amplifier  V/F-convertcra  etc.,  and  the 
inertial  sensor  unit  with  two  dynamically  tuned  two  degrees  of  freedom  Teledyne  gyro  5DGT 
and  throe  Systron  Oonner  accelerometers  SO  4833A-1P2C.  Figure  20  gives  a  closer  view  of  the 
sensor  unit. 
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Parameter 

Units 

Specification 

Value 

Typical  Value 
(Mean) 

G-Inaensitlve  Bias 

Absolute  Value 

Stability 

°/Hr 

0±  2.0 

0.50 

Continuous  Operation 
(Random  Drift) 

°/Hr  Iff 

.001  Max. 

0.0005 

Shutdown  Repeatability 

°/Hr  Iff 

101  Max. 

0.0016 

Temperature  Cycle 
Stability 

°/Hr  Iff 

•  ••• 

0.0033 

Temperature  Sensitivity 

°/Hr/°F 

0*  .002 

0.00059 

G-Sensltive  Bias 

Absolute  Value 

Stability 

°/Hr/G 

o 

e 

+i 

o 

1.0 

Continuous  Operation 
(Random  Drift) 

°/Hr/G  Iff 

.002  Max. 

0.0007 

Shutdown  and  Tempera¬ 
ture  Cycle  Repeatability 

°/Hr/G  Iff 

•  •  •  • 

0.008 

Temperature  Sensitivity 

°/Hr/G/°F 

0-  .02 

0.0032 

Torquer  Scale  Pactor 

Absolute  Value 

°/Hr/MA 

150  Min. 

160 

Linearity 

PPM  Peak 

100  Max. 

25 

Asymmetry 

PPM  Peak 

•  •  •  • 

3 

Temperature  Sensitivity 

PPM/°F 

.  23ol  20 

.229 

Axis  Alignment 

Absolute  Value 

Sec 

60  Max. 

30 

Stability 

Sec 

•  •  •  « 

10 

Angular  Rate  Capability 

Steady  State 

°/Sec 

loo 

100 

Transient 

°/Sec 

400 

500 

AniBoelasticity 

°/Hr/g2 

0±  .03 

.01 

Gyro  Time  Constant 

Seconds 

100  Min. 

200 

Table  *»  Teledyne  SDG-5  Gyro  Performance  Characteristics 


The  performance  characteristics  of  the  Teledyne  SDG5  gyros  are  given  in  Table  1. 


7.2.2  Computer 


The  computer  MIDI  2  does  performance  all  computations  of  the  inert? al  sensor  data.  Withir 
testtdata°nfl9Urttti°11  U  nerveB  a*  Pr®Proc®»*or  and  by  its  DMA  as  transmitter  of  the  IMU 


The  basic  characteristics  of  the  MIDI  2  computer  are  euanarised  as  follows* 

-  programmable  general  purpose  computer 

-  16  bit  serial  words* addresses  ,  operation  code  parallel 

-  memory  expandable  to  4  k  words  (RAM/ROM) 

-  6  a/operation 

-  modular  structure  of  the  functional  units 

-  programmable  time  basic  generator 

-  DMA  channel 

-  TTL  technology 

-  MIL  specified 


7.2.3  Error  Model  of  the  MSS 

The  error  model  for  a  single  gyro  resp.  accelerometer  has  been  discussed  In  the  previous 
chapters.  From  these  equations  the  whole  error  model  of  the  MSS  has  been  deduced  and  Is 
presented  in  Figure  21,  as  far  as  the  static  error  parameters  are  concerned. 
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Fig. 21 i  SENSOR  ERROR  MODEL  OF  THE  MODULAR  STRAPDOWN  SYSTEM  MSS 


7,2.4  Accuracy  Requirements  upon  the  Testa 

Prior  to  the  tests  It  is  necessary  to  specify  how  accurate  the  error  parameters  have  to  be 
determined  to  meet  the  demands  put  on  the  system  performances.  A  common  figure  of  merit 
for  inertial  navigation  systems  is  the  navigation  accuracy  expressed  in  nautical  miles 
per  hour. 

From  system  analysis  it  is  well  known  how  single  error  sources  propagate  through  the  system 
For  the  medium  accuracy  of  the  MSS  it  was  stated  that  the  uncompensated  part  of  each  sig¬ 
nificant  error  source  should  not  exceed  the  limit  of  Inm/h. 

From  this  statement  some  dozens  requirements  upon  the  accuracy  of  determining  the  error 
parameters  by  static  tests  have  been  deduced. 


The  most  important  results  are  summarized  in  Table  2  and  3.  The  values  shown  refer  to  an 
aircraft  with  an  assumed  velocity  of  400  kn. 


ERROR 


NOTATION 


ACCURACY 


UNITS 


BIAS 

BX'  by 

3*10-4 

G 

SCALEFACTOR 

DSF 

KQ 

3*10~4 

3  * 10~4 

G/g2 

MISALIGNMENT 

LEVEL 

«XY 

*YX 

1*10"4 

RAD 

AZIMUTH 

*XZ 

**YZ 

2,5.10-3 

RAD 

Table  2s  Accuracy  Requirements  Upon  Accelerometer  Parameters 


SCALEFACTOR 


MISALIGNMENT 


AZIMUTH 


Z-AXIS 


MASS  UNBALANCE 


GYRO  1 
GYRO  2 


NOTATION 

ACCURACY 

UNITS 

NOTE 

®X'  by 

0,016 

1 

°/H 

NAV  MODE 

Bx,  By 

0,025 

°/H 

ALIGN  MODE 

Bz 

0,28 

°/H 

NAV  MODE 

DSFK 

3,9*1 0~4 

- 

CIRCULAR 

FLIGHT 

«XY 

^X 

*XZ 

“‘YZ 

4,6*10~5 

.--3 

RAD 

CIRCULAR 

FLIGHT 

*ZK 

“zY 

10  J 

RAO 

NOT  CRITICAL 

M1 

M1 

M2 

0,7 

°/H/G 

ACCEL. FLIGHT 

0,1 

°/H/G 

ALIGN  MODE 

0,2 

°/H/G 

STATION. FLIGHT 

Q1 

0,7 

°/H/G 

ACCEL. FLIGHT 

Q2 

1 

°/H/G 

NOT  CRITICAL 

Table  3s  Accuracy  Requirements  upon  Gyro  Parameters 
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7.3  Test  Configuration 

The  philosophy  of  calibrating  a  strapdown  system  by  tests  consists  basically  in  submitting 
the  system  to  accurately  known  accelerations  and  angular  velocities,  observing  the  system 
output  quantities,  comparing  them  with  the  well  defined  input  quantities  and  explaining 
the  differences  by  the  influence  of  various  system  errc  .  sources. 

In  Fig. 22  a  schematic  view  of  the  teatconfiguration  is  shown  how  it  has  been  built  up  at 
IABG  in  Munich.  The  IMU  of  the  Strapdown  System  is  fixed  to  the  inner  gimbal  of  the  three 
axis  test  table.  The  test  table  is  driven  by  the  Interdata  8/32  Computer  and  is  capable 
to  orientate  the  IMU  deliberately  with  respect  to  earth  gravitional  and  rotational  vector. 
Furtheron  it  is  possible  to  rotate  the  IMU  with  very  accurate  constant  angular  velocity. 

From  the  IMU  leads  a  data  link  to  the  MSS  navigation  computer  MIDI.  By  DMA  the  preprocessr-d 
data  are  transmitte  to  the  Interdata  8/32  Computer  and  are  recorded  then  together  with  the 
relevant  data  from  the  3  axis  test  table  on  magnetic  tapes. 

The  main  processing  of  the  test  data  runs  off  line  on  a  IBM  370  Computer  at  Bodenseewerk 
in  tlberl ingen. 

In  the  sequel  the  essential  features  of  the  tests  are  described  in  more  detail. 


7.3.1  Three  Axis  Test  Table 

The  three  axis  test  table  type  53  W  from  Contraves-Goerz  Corporation  is  described  in/ 3/  . 

In  Table  4  the  performance  characteristics  which  are  of  importance  for  the  MSS  test  are 
listed. 


Fig.  22 »  TESTCONFIGURATION 
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P' 

n.  tf 


Angular  Rates 


Roll 

Pitch  and  Yaw 
Angular  Accelerations 


Roll 

Pitch 

Yaw 

Angle  Accuracy 
Solution 

Absolute  positioning 
Orthogonality 


400°/s 

200°/s 


500°/s^ 

300°/s2 

200°/s2 


0,0001° 

0,003° 

0,001° 


Table  4;  Performance  characteristics  of  the  53  W 
Contraves-Goerz  Three  Axis  Test  Table. 

Data  Transmission  .and  ..Recording 

The  gyroscopes  and  the  accelerometers  torquer  currents  are  measured  by  the  voltage  drop¬ 
ping  at  scale  resistors.  The  voltages  in  turn  are  converted  in  the  IMU  by  Voltages-to- 
Frequency-Converter  into  puls  trains. In  the  navigation  computer  the  pulses  are  accumula¬ 
ted  and  read  out  at  constant  time  intervals.  While  navigating,  the  computer  updates  every 
20  msec  the  quaternions,  and  every  100  msec  an  updating  of  the  navigation  occurs.  In  the 
test  configuration,  shown  in  Fig. 23,  the  accumulated  increments  are  transmitted  every 
200  ms  via  DMA  to  the  Interdata  computer.  The  navigation  computer  drives  also  an  eight 
channel  analogue  recorder,  which  serves  as  a  quick  look  instrument  as  it  allows  to  observe 
continuously  sensor  signals  and  various  navigation  quantities. 

Besides  the  pure  sensor  signals  all  relevant  data  are  transmitted  and  recorded  together 
with  the  reference  data  from  the  test  table  on  magnetic  tapes.  In  Table  5  the  content  of 
a  data  telegram  is  listed. 

As  a  plausibility  check  the  interdata  computer  looks  at  the  navigation  position  coordinates 
and  interrupts  the  trial  if  the  drift  exceeds  a  given  value. 

The  test  records  are  finally  sent  to  the  Bodenseewerk  at  Uberlingen  where  the  processing  of 
the  test  data  with  the  IBM  370  computer  starts. 


SENSOR  SIGNALS 

3 

ANGULAR  INCREMENTS 

3 

VELOCITY  INCREMENTS 

2 

GYRO  TEMPERATURES 

4 

GYRO  PICK  OFFS 

NAVIGATION  COMPUTER  DATA 

4 

QUATERNION  ELEMENTS 

3 

ATTITUDE  ANGLES 

3 

VELOCITIES 

2 

POSITION COORDINATES 

1 

ALTITUDE 

FLIGHT  SIMULATOR  DATA 

3 

ATTITUDE  ANGLES 

1 

ANGULAR  RATE 

Table  5t  Content  of  a  data  telegram 
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Fig. 23s  READ  OUT  AND  RECORD  OF  TEST  DATA 


7.4  Test  Procedures 

7.4.1  24-Po8ition-Statlc-Test 

The  24 -position-teat  ia  used  for  determining  the  parameters  of  the  acceleration  dependent 
error  terms  of  a  gyro  (of.  4.2.2) 

-  mass  unbalance 

-  quadrature  term 

-  aniaoelasticity 

-  bias 

The  same  procedure  is  used  to  calibrate  the  accelerometer  parameters  (of.  5.) 

-  bias 

-  scale  factor 

-  misalignment  of  the  sensitive  axes 

-  acceleration  square  term 
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The  24-position-test  is  characterized  by  positioning  the  IMU  in  24  different  orientation 
relative  to  the  gravitation  vector.  The  test  starts  with  the  first  main  position  shown 
in  Fig.  10.  i 

For  10  minutes  the  sensor  signals  are  read  out,  transmitted  to  the  Interdata  computer 
which  in  its  turn  completes  the  MSS  data  by  the  sampling  the  attitude  angles  of  the  three 
axis  test  table  and  adding  them  to  the  MSS  data.  All  data  were  temporary  recorded  an  a 
disc. 

After  ten  minuted  the  orientation  of  the  MSS  is  automatically  changed  by  45  degree  until 
all  eight  positions  belonging  to  a  main  position  are  completed.  The  trial  is  finished  by 
writing  the  disc  data  on  a  magnetic  tape. 


7.4.2  Rate  Test 

The  rate  test  is  used  to  determine  the  parameters  of  the  angular  velocity  error  terms  of 
the  gyro 

-  scale  factor 

-  misalignment  of  the  sensitive  axis. 

The  rate  test  is  characterized  by  rotating  the  IMU  about  its  three  axis  with  accurately 
known  angular  velocities. 

Similarily  to  the  24-position-test,  the  main  orientations  are  defined  in  Figure  10.  In 
each  main  orientation  the  IMU  is  rotated  clockwise  and  counterclockwise  with  constant 
angular  velocities  0,  0.1,  0.3,  1,3,  10  Deg/h  about  the  vertical  axis  of  the  three  axis 
test  table. 

The  measurement  time  is  36  sec  in  all  cases.  Start  and  stop  of  the  rotation  is  however  out¬ 
side  the  measuring  intervals  in  order  to  avoid  dynamic  effects. 

Data  read  out  and  recording  is  identical  to  the  24  position  test. 


7.5  Determination  of  the  Error  Parameters 
7.5.1  Processing  of  the  Teat  Data 

The  continuous  recording  of  the  whole  set  of  test  data  as  shown  in  Table  5  with  a  sampling 
period  of  200  msec  generates  a  great  amount  of  data,  only  a  minor  part  of  which  is  needed 
for  the  calibration  process.  The  major  part  is  not  yet  used,  but  is  reserved  for  a  deeper 
analysis  of  the  overall  system  performance  of  the  MSS  later  on. 

A  data  reduction  process  is  carried  out  with  the  aim  to  get  the  measurement  vectors  for 
the  following  linear  regression  processes.  A  survey  of  handling  the  test  data  is  presented 
in  Fig.  24.  The  main  steps  of  data  processing  are 

-  retrieving  the  information  from  the  tapes 

-  change  into  physical  units 

-  plausibility  checking  of  the  data 

-  data  reduction  by  accumulating  the  sensors  increments 

-  determining  the  basic  statistics  of  the  data 

-  generating  the  measurement  vectors 

-  selection  of  one  of  the  preprogrammed  error  models 

-  performance  of  the  linear  regression 

-  determining  the  confidence  intervals 

-  printing  of  the  results 


In  the  sequel  these  steps  are  described  in  more  detail 
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Fig.  24 i  PROCESSING  OF  THE  TEST  DATA 


7.5.2  Data  Reduction 


A  data  file  begins  with  a  header  which  contains  the  marginal  information  about  the  teat  such 
as  date,  trial  no.,  initial  conditions,  applied  angular  velocity  etc.  This  information  ie 
printed  as  a  header. 

The  data  telegrams  are  then  read  out,  piece  by  piece.  Each  time  the  aenscr  increments  and 
the  attitude  of  the  test  tabic  are  extracted,  non  relevant  informations  are  omitted. 

The  sensor  outputs  from  each  telegram  are  compared  with  corresponding  values  derived  theo¬ 
retically  frc*n  the  attitude  reop.  angular  velocity  of  the  three  axis  test  table.  When  a  pre¬ 
selected  tolerance  (e.g.  10  per  cent)  is  surmounted,  the  content  of  the  data  telegram  is 
supposed  to  be  not  plausible  and  is  therefore  omitted.  This  plausibility  checking  is  prin¬ 
ts;  lly  thought  as  an  aid  for  preserving  the  results  from  errors  in  the  data  transmission. 

With  i  one  trial  all  sensor  increments  are  accumulated,  the  mean  value,  the  mean  square 
v-’  .  ,  and  the  standard  deviation  of  the  mean  value  are  derived. 

The  moan  values  of  each  trial  of  ten  minutes  are  arranged  in  an  array  which  serves  as  a 
men.  rement  vector  for  the  following  linear  regression  process.  In  this  way  the  data  of 
the  24-position-test  are  reduced  to  6  vectors  (three  gyros  and  three  accelerometer  axis) 
with  24  elements,  the  data  or  the  rate  test  are  reduced  to  3  vectors  with  27  elements.  For 
further  processing  these  vectors  are  stored  on  a  disc  memory. 


7-32 


7.5.3  Evaluation  of  the  Error  Parameters 


7. 5.7.1  Linear  Regression 


For  estimation  of  the  error  parameters  the  linear  regression  method  (least  square  adjust¬ 
ment)  is  applied,  as  'escribed  in  paragraph  4.2.2. 

For  application  of  linear  regression  to  the  rate-  and  24-positions-test,  the  error  model 
from  Figure  21  has  to  be  adapted  to  equation  (4.13). 

This  is  done  by 

-  linearizing  the  error  model  equation  and  neglecting  higher  order  terms  (cf.  chap. 

7. 5. 3. 2) 

-  introducing  the  values  of  the  gravity  acceleration  aj  and  angular  velocity  a)  i  from 
test  conditions  into  the  equation 

-  integrating  the  error  model  equations  over  the  measurement  time. 

As  an  example,  the  resulting  set  measurement  equations  for  the  gyro  x-axis  is  shown  in 
(7.1) 


X  Axis  Gyro  Error  Model : 


-^«[VDSF„(T)]  [to*  ♦  da  U)y  -  axy  •  0),  -5m (7)  a,  -  *q  ay  .  *n  .  a*  .  ax  *  b*lT) }  I  (7.1) 


X  Axis  Gyro  Measurement  Model  for  Linear  Regression  :£  =  Ax* y 


Zi 

*x1  *yt  **z1  "J»1  -*y1  "Vizi  *1 

dsf/ 

®xz 

Oyz 

'm 

scale  factor 
misalignment 
misalignment 
mass  unbalance 

Zn 

*xn  *yn  *(zn  *-Vn  ^yn  Vnzn  Tn 

In 

b* 

>  * 

quadrature  term 
anisoetasticity 

bias 

Abbreviations  i 


»l 

2t«  |  ( -My/H-  U*)dl 
0 


Ti  T|  Ji 

1*1*  f  U*dt,lyi»f  Uy<NJrisJ 
0  0  0 


T|  }  V 

J*i  =  J  0*dt,  Jyi  *  J  oydl.  JsixI'J  QyOjdt 
0  0  0 


(7.2) 


(7.3) 


(7.4) 

(7.5) 


(7 . 6) 


4 


Singularities 

j  Care  must  be  taken  on  Singularities  of  the  inverting  process  of  the  (X^A)  matrix. 

1 

I  Singularity  occurs  when  a  column  of  the  A  matrix  is  2ero  or  numerically  near  sero.  Then 

I  the  corresponding  error  parameter  is  not  obervable,  the  linear  regression  fails.  In  this 

|  case  the  nonobservable  error  parameters  have  to  be  omitted  and  the  regression  has  to  be 

*  done  with  the  reduced  error  model  (cf.  chapter  7. 5. 3. 3). 
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7. 5.3. 2  Iterative  Linear  Regression 

The  application  of  the  linear  regression  in  a  straightforward  way,  will  not  yield  the  re¬ 
sult  wanted,  as  the  accuracy  of  the  parameters  determined  will  be  very  different. 

To  obtain  optimal  results,  the  covariance  matrix  (A  A)  has  been  analysed  in  detail  in 
paragraph  4.2.2.  The  result  for  the  gyro  x-axls  is  presented  schematically  in  Pig.  25. 

In  the  rate  test  as  well  as  in  the  24-position  test  only  certain  parameters  can  be  deter¬ 
mined  with  sufficient  accuracy.  The  other  parameters  are  either  not  observable  or  only 
observable  in  a  linear  combination  with  some  others,  or  they  are  observable  with  only  in¬ 
sufficient  accuracy.  Similar  results  apply  for  the  accelerometer  x-axls  shown  in  Pig. 26. 

An  optimal  use  of  all  information  is  attained  when  the  effects  of  those  parameters  which 
are  not  only  scarcely  observable  are  corrected  by  preprocessing  the  measurement  vector  z. 
The  vector  of  the  known  parameters  then  is  reduces  by  these  parameters. 

This  procedure  can  be  done  iteratively.  The  principle  is  shown  in  Pig.  27.  The  single  steps 
are  as  follows: 

1.  Determining  of  DSP,  of-  ,  aCiM  by  the  rate  test  data 

2.  Correcting  the  24 -position-test  data  by  DSP,  «<g-  ,  effects  from  step  1. 

3.  Determining  of  m,  g,  n,  b  with  preprocessed  data  from  step  2. 

4.  Correcting  of  the  rate  test  data  by  m,  q,  n,  b  effects  from  step  3. 

5.  Repeating  the  procedure  at  step  1  with  data  from  step  4 


Plg.25:  OBSERVABILITY  OP  THE  OYSO  X-AXIS 
PARAMETERS 


Pig. 26s  OBSERVABILITY  OP  T!tS 

ACCELEROMETER  x-AXIS  PARAMETERS 
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Preprocessing  of  the  Test  Data 

The  knowledge  of  known  effects  or  parameters  allows  the  correction  of  the  raw  gyro  test 
data,  denoted  for  this  purpose  as  vector  H’,  In  the  following  manner  (see  Pig. 28) t 

In  first  step  the  raw  data  M*  are  corrected  by  multiplying  them  with  the  best  known  scale 
factor  SCP. 

In  the  second  step  the  effect  of  the  other  known  error  parameters,  arranged  in  the  partial 
correction  vector 


Xc“^ijln-1) ,  o^jjtn-l),  m(n-1),  q(n-1)  n(n-1),  b(n-1)j  T  (7.7) 

jj 

are  calculated  by  the  expression  A  and  subtracted  from  scaled  data  W‘  *  SCP.  The  star 
in  x£  and  A**  denotes  the  omitting  of  the  elements  corresponding  to  the~scale  factor  error 
DSP  as  this  parameter  has  to  be  treated  separately. 

The  resulting  vector 

z(n)  -  W*  •  SCF(n-l)  -Ax £  tn-1)  (7.8) 

is  now  the  basic  measurement  vector  for  subsequent  linear  regression.  The  result  of  the  re¬ 
gression  has  then  to  be  interpreted  as  iterative  Improvement  of  the  scale  factor  SCP  (n-1) 
and  the  correction-vector  xc(n-t). 

Temperature  Compensation 

The  preprocessing  procedure  serves  also  to  correct  the  test  data  for  temperature  effects. 

As  can  be  seen  from  the  gyro  manufacturer's  data  sheet,  scale  factor,  mass  unbalance  and 
bias  show  a  linear  temperature  dependence.  By  known  temperature  coefficients  these  effects 
can  be  accounted  for.  For  this  purpose  the  gyro  temperature  ia  continuously  measured  and 
recorded  with  each  data  telegram  and  accounted  for  in  the  preprocessing  procedure. 


ho 


Pig. 27 1  OPTIMA!,  USE  OF  Ati  TEST 
DATA  BY  ITERATIVE  LINEAR 
REGRESSION 


Fig.  2d:  PREPROCSSS  IRC  OF  TSi2  TEST  DATA 
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Solution  for  Nonlinearities 

The  linear  measurement  model  (7.2)  was  deduced  from  the  error  model  (7.1)  by  neglecting 
the  nonlinear  higher  order  error  terms  ouch  as 

DSFX  •  (-may  +  qax  -  r>axaz  +  bx) 

From  the  values  in  Table  1  an  estimation  shows  that  under  certain  conditions  this  expres¬ 
sion  may  correspond  to  a  drift  in  the  order  of  0-1°/h,  so  that  the  neglection  assumption 
will  not  hold  and  a  pure  linear  regression  will  give  false  results. 

The  iterative  application  of  the  linear  regression  discussed  above  yield  a  solution  of  this 
problem,  as  in  a  second  iteration  run  for  which  the  linearity  assumption  ie  surely  valid, 
the  false  parameters  are  corrected  automatically. 

Scale  Factor  for  the  Heal  Time  Error  Compensation 

In  the  linearized  error  model  (7.2)  the  scale  factor  error  DSF  can  only  be  determined  as 
coefficient  to  the  input  angular  velocity  of  the  three  axis  tahle. 

For  the  real  time  error  compensation  procedure  in  the  navigation  computer,  the  scale  fac¬ 
tor  has  however  to  be  applied  to  the  angular  velocity  measured  by  the  strapdown  gyros. 

This  problem  is  also  solved  by  the  iterative  linear  regression.  As  is  shown  in  Fig. 28,  by 
the  preprocessing  procedure  the  scale  factor  is  indeed  applied  to  the  gyro  output  and  not 
to  the  input  angular  velocity  of  the  three  test  table. 

Variation  of  the  Error  Models 


The  linear  regression  ooftware  system  contains  the  option  to  use  several  different  error 
models.  By  selection  of  a  key  number  the  complete  error  model  from  Fig. 21  can  be  substitu¬ 
ted  by  an  reduced  or  by  an  extended  error  model  (cf.  also  paragraph  6). 

The  use  of  error  models  in  which  single  error  parameters  are  omitted  is  necessary  when  test 
data  are  proccessed  for  which  one  or  several  parameters  are  not  observable. 

For  these  cases  the-  calibration  software  allows  to  compensate  fully  the  effects  of  the  can¬ 
celed  error  parameter  in  the  frame  of  the  preprocessing  procedure. 

But  also  for  judging  the  importanje  of  the  single  error  parameters  it  is  very  useful  to  be 
able  to  omit  or  to  add  single  error  terms  in  the  error  model . 

Confidence  Test 


A  very  helpful  means  for  judcring  wether  an  error  parameter  is  significantly  different  from 
zero  or  not  is  a  statistica.'  confidence  test. 

A  test  of  tho  hypothesis  that  the  estimated  value  of  the  error  ;  raiaeter  in  the  regression 
error  model  is  significantly  different  from  zero  can  be  checked  by  comparing  the  value  of 
tile  parameter  xp  to  its  standard  deviation  G'xi*  derived  from  (4.20). 

Under  the  assumption  that  the  measurement  noise  J s  normally  distributed  the  random  variable 
ti  «  xp/^;  (5-15) 

obeys  a  Student  t-distribution. 

Therefore  lOO(1-qj%  confidence  limits  for  xp  can  be  defined  by 

xp  t  tp (n-m,  1 -q/2) •  (7.9) 


n-m  =  degree  of  freedom 

n  =  number  of  measurements 

m  =  number  of  parameter  determined 

(1~q/2)  =  percentage  point  of  tho  t-distribution, 

For  the  24  position  test  and  for  the  rate  teat  the  value  t  is  found  to  be  approximately 
2  for  95%  confidence  limitB  and  23  degrees  of  freedom. 

The  parameter  values  from  the  linear  regression  are  ncm  said  to  ba  significant  different 
from  zero,  if 


X1  ^  ,  <7. Hi) 

2*  Sxi 


SiiSaiE 
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Hot  significant  values  defined  by 


Xj 

2-  <?xi 


i  1 


(7.11) 


do  .'t  play  any  Important  role  provided,  that  the  confidence  limits  are  smaller  than  stated 
in  the  accuracy  requirements. 

This  situation  i3  illustrated  in  Figure  29. 


Parameter  is  significantly  different  from  Qi 


tiOxj 


Parameter  is  not  significantly  different  from  0 ; 


tiOjq  tiOxi 


Fig. 29: 

CONFIDENCE  TEST 


Software  Test 

In  order  to  test  the  complete  software  that  was  written  in  FORTRAN  IV  and  further  to  teat 
wether  the  subroutines  for  the  matrix  inversion  are  sufficient  accurate  a  set  of  sensor 
error  parameters  were  arbitrary  defined.  With  the  help  of  the  error  model,  fictitious  sen¬ 
sor  signals  were  generates  and  fed  to  the  computer  program. 

The  values  of  the  sensor  parameter*  which  were  evaluated  by  the  calibration  software  were 
in  accordance  with  the  original  values  in  the  order  of  5*10  . 
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